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ANNOTATION

This collection contains articles based on the text of lectures given
at the International{Summef School on Physics'pf the Uppé; Ionosphere
(Sochi, October 1966). The results of investigations on the basic parameters -
of thé upper atmosphere (density, neutral and ion composition, electron con~
centration, temperature) were discussed. The most important elementary
processes which control the behavior of the entire ionosphere as a whole and
its individual parameters were examined. Methods were given for direct
research on the neutral and charged particles in the atmosphere.

This collection is of interest to scientists studying plasma physics,

for geophysicists and also for specialists in radio communication.

EDITORS-IN-CHIEF
ICandidates of Physics and Mathematical Sciences

A. D. Danilov and L. A. Yudovich
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FOREWORD
The present collection contains survey articles written from materials /5
of the lectures read during the International School of Ionospheriec Physics(lz
This school was organized by the Section on the Ionosphere, Interdeparmental
Geophysics Committee and the Institute of Terrestrial Magnetism and Propagation

of Radio Waves, Academy of Sciences, USSR in October and November 1966 in Sochi.

Nearly 100 scientigts participated in the school; they came from the
Soviet Union, Bulgaria, Hungary, The German Democratic Republic, Cuba,
Czechoslovakia and Yugoslavia. The leading spécialists on problems of theo-
retical and experimental research on atmospheric parameters in the region of
the ionosphere were invitéd. Seminars were held during the operation of the
school in which questions on the problems covered in each lecture were widely
discussed. The results of this discussion, as well as artam materials which
appeared at the end of 1966 and the beginhing of 1967, are reflected in the

articles contained in this collection.

At the present time, considerable attention is being paid to a study of
the basic processes which determine the behavior of the ionosphere as a whole
and its individual parameters in particular. Without an understanding of
these processes (diffusion, photoionization, recombination, cohesion, etc.)
it is impossible either to predict the behavior of the ionosphere or to
interpret the experimental data correctly. In recent years numercus papers
have been published, both Soviet and foreign, on these problems from differ-
ent viewpoints. A. D, Danilov, V. M. Polyakov, J. Taubenheim, and K. H.
Schmelovskiy discuss in their papers the current concepts as to the role and
rates of the various processes which influence the distribution of charged

particles both in space and in time in different regions of the ionosphere.

* Numbers in the margin indicate the pagination in the original foreign text.

L These materials were divided imto two volumes during editing. The
remaining articles can be found in the collection: Ionosfernyye Issledovaniya
{Ionospheric Research) No. 19,



The specifics of rocket and satellite experiments, as well as the basic
results and the prospects of the research, are described in the articles of
V. V. Mikhnevich, G. L. Gdalevich and V. A. Misyura. A new method for study-
ing charged particles above the maximum of the F2 region, i.e., the method
of incoherent scattering of radio waves, and the basic results obtained

using this method are discussed in another article by V. A. Misyura.

Unfortunately the review papers on the lectures of G. S§. Ivanov- /6
Kholodnyy, V. D. Gusev and Yu. V. Kushnerevskiy are not included in this

collection.

On the whole, the articles in this collection reflect the research on the
basic questions of ionospﬁeric physics based on the state-of-the-art at the
end of 1966 quite well. Since study of the ionosphere at the present time
is being developed at an extremely rapid pace, we should remember that upon
publication of this collection new materials are appearing which are not
contained herein. We should also remember that, although all the lectures
are of a survey nature, in a number of cases the author's viewpoint on cer-
tain questions is reflected therein, and such a viewpoint is not necessarily

that generally accepted today.
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EXPERIMENTAL DATA ON THE DISTRIBUTION OF BASIC PARAMETERS AND RATES

The purpose of the present paper is to describe the overall state of the
art in research on the basic characteristics of the upper atmosphere (con-—
centrations of both neutral and charged particles, temperature, short-wave solar

radiation flux) and on the basic photochemical processes invblving atmos—

pheric components. Naturally, within the framework of a single paper such a

survey must be very superticial, dealing only with the overall characteristics

of the situation.

OF PHOTOCHEMICAL PROCESSES IN THE UPPER ATMOSPHERE
A. D. Danilov

This paper presents a brief survey of main achievements
in the investigation of the most important atmospheric para-
meters in the earth's ionosphere with the aid of rockets and

artificial satellites. A description 1s given of the results

obtained in measuring atmospheric density, the results of
determining the composition of neutral particles by mass
spectrometric and optical methods are compared, and the

main results of numerous measurements of the ion composition
and electron concentration are shown. Present-day views

on the ionization-recombination cycle of processes occurring
in the atmosphere are expounded and the most reliable
estimates are given of the effectiveness of basic processes,
ionization rate, dissociative recombination, ionic-
molecular reactions, processes where negative ions are
involved, with emphasis being laid on the significance of
the latter in the ionosphere. It is emphasized that in the
ionosphere there exists a close relationship between
processes where charged particles are involved and

neutral reactions. A description is given of the problem
of oxygen dissociation in the atmosphere, and the part |that
ionic reactions take in the formation of neutral components

is discussed.

works in [1 - 14] and to the monograph in [15].

[15].

For more detailed data, we refer the reader to the general

17



RESULTS OF ROCKET RESEARCH ON THE PARAMETERS
OF THE UPPER ATMOSPHERE

@Il. Density, Temperature and Neutral Composition of the Atmosphere.

a. Altitude Range H < 100 km. At the present time it is a well-known
fact that below approximately 100 to 120 km the earth's atmosphere is mixed,

and therefore has an altitude-constant chemical composition if we are con-

cerned with the basic components, i.e., nitrogen and oxygen molecules and
argon atoms. As far as the so-called "minor impurities" are concerned —
ozone, atomic oxygen, and nitric oxides — their absolute and relative
concentrations undergo substantial variations both with altitude and with
time of day, with the level of solar activity, etc. Altitude variation of
the basic component concentrations is thus determined by the altitude drop

in the overall atmospheric density, which in turn depends on the altitude of
the uniform atmosphere at a given level, i.e;, (at a constant mean molecular
weight) on the temperature. Table 1 gives the basic atmospheric parameters
in the altitude range from 30 to 100 km according to Nicolet [16]. It should
be mentioned that at the present time practically nothing is known concerning
variations in density and concentration of the/basic atmospheric components
below 100 km. We would expect, however, that such variations (if they do
exist) are not high, and therefore the mean values of p,}[NZ]and [02], shown

in Table 1, must be valid at least within a factor of 2.

b. Altitude Range from 100 to 200 km. This altitude range at the

present time has been studied the least from the viewpoint of research on

atmospheric density and temperature. The reason for this is that above
approximately 200 to 250 km the numerous determinations of density and
other parameters are made on the basis of observations of the deceleration
of artificial earth satellites. These observations give an extremely large
amount of data which now permit a clarification of the very subtle effects

of the behavior of atmospheric density at high altitudes (see below). At the

2|



TABLE 1
o 3 -3 -3 o
H, km 0, g/cnil [Nzl, cm [02], cm T, K

30 1,79.107t 2,90-10%7 7,81.101 235,3

35 8,34.107¢ 1,35.1007 3.64-101 2511

40 4,08.107¢ 6,53-10 1,78-101 268,2

45 2,09.107 3,40.1018 9,14-10% 274,5

50 1.13.10° - | 1,84.101 4,95.10% | 27472

55 6,17-10°7 9,98.1015 2,69.101 23,7

60 3,52.1077 5,70.1015 1,54-1018 252.8

65 1,92.1077 3,11-1008 '8,38-40" [ 233 2

70 9,90-1078 1,61.10% 4,32.10% 214,2

75 4,57-1078 7,42-10 2,00.1014 204,1

80 2,06-1078 3434-1014 8,98.1013 197,2

85 9.00-107 1,46-101 3,93.101 190,2

90 3,68-107 5496-101 1,61-101 196,6

95 1,55-107 2,51.101 6,76-101 202,9

100 ) (:'), 0.10710 1.09-_1()“ 2,93-1012 209,42

TABLE 2
V 3 o 4 3 ol

H, km p, g/cm T,°K H, km p g/em T, °K
100 4.97-10710 205 140 |3.40010712 | lge6
110 9.83-10" 11 250 160 [1.16-10712 | 935
120 2.44-10" 11 332 180 |5.86-10713 |1042
130 7.59-10712 502 200 {3.32:10713 {1100




same time, research atmospheric density in the 100~200 km range is lﬁ
being conducted only during irregular rocket launchings in the very

short periods of time during which the rocket passes through this altitude

range, as a result of which the respective experimental data are quite limit-

ed. Table 2 gives the diurnal values of density in this altitude range

during the period of average solar activity (end of 1960) according to the
semiempirical model of Kallman and Sibley [17]. We should mention that the
numerous variations in atmospheric density, which are extremely pronounced

at high altitudes and about which we shall speak later, also exist at

altitudes of 160 to 240 km, although the amplitude of fluctuations in p

in this case is low. Thus, according to this same work [17], the nocturnal
atmospheric density at an altitude of 200 km is 1.5 times lower than the

value depicted in Table 2. It is clear from the survey paper of V. V,

Mikhnevich [9], that the daily variations in density have an amplitude on

the order of a factor of 2 only at an altitude of approximately 250 km.

Below this altitude, these variations are correspondingly lower. Density
variation during the cycle of solar activity is also manifested mainly

above 200 km; however, certain fluctuations in p do take place at lower
altitudes. According to the review [9], with variation in solar activity

from maximum to minimum, a variation by a factor of 1.8 takes place in the /9

noon and midnight densities at an altitude of 200 km.

Quite some time ago it became necessary to have knowledge of the’
atmospheric composition above 100 km. As we have already mentioned, the atmos-
phere is mixed below 100-120 km and thereofre the concentrations of the basic
components are known to us from measurements of the overall atmospheric
density, however the ratio among the basic components begins to vary above this
level. First of all, molecular oxygen dissociates quite effectively above
100 km under the influence of ultraviolet solar radiation. This results in
the relative concentration of 02 molecules beginning to decrease with altitude
and the number of 0 atoms to grow. The O atoms are one of the major com-
ponents of the atmosphere above this level. Furthermore, beginning at
altitudes of 110 - 120 km, the diffusion-gravitational separation of gases

leads to a change in the chemical composition of the atmosphere with
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TABLE 3
H, km| [N,] cm_g; 10.1 cm-3 {ol, cw3 <
RS A "727* 7" | according to [22]
5,2-101 1,740 | e.a0m
1,2-101 4,9-101 1,8.1012
. 3,5.101 . 3,2-10%0 8.1010
1,110 1,0-10% . 5.10 .
-5,0.1010 4,8-10° 3-10w
3,5-101 2,9-10° 1,9-100
1,4-10% 1,4-10° AQ2-100
8,7-10° 7¢6-108 8.10°
. B,8.10° 4,4-108 6-10°
4,0:10° 2,9-10° 4100
2,6-10° 1,9-10° 3,500

altitude. This is manifested in an increase in the number of light gases

and a decrease in the relative concentrations of the heavy omnes.

Until recently our knowledge on the chemical composition of the atmos-
phere above 100 km was derived basically from theoretical models after ex—
amining the diffusion-gravitational separation and dissociation of molecular
oxygen under predetermined assumptions as to the temperature of the atmos—
phere, the intensity of ultraviolet solar radiation, etc. The overwhelming
majority of these models led to the concept of a rapid drop with altitude
in the relative amount of molecular nitrogen, thus implying the existence of a
purely atomic atmosphere above approximately 150 - 160 km. However, recent
years have provided experimental data on atmospheric composition in quantities
sufficient to give an idea of the actual distribution of concentrations of the
basic atmospheric components in the range from 100 - 200 km. These data were
obtained as a result of experiments carried out by two theoietically different
methods: optical and mass-spectrometric. Without dwelling here on the
details, let us refer the reader to the survey articles mentioned above [11 -
13] where the experimental method is described in more detail. Now let

us cite the basic results derived from comparing the data of various experiments



Figure 1. Altitude Variation in Molecular Nitrogen
Concentration in the Atmosphere According to Various
Experimental Data.

1. July, 1959, Morning [18]; 2. September 23, 1960,

0 hr., 56 min. [19]; 3. August 23, 1961, 10 hr. 03 min.

[20]; 4. November 15, 1961, 16 hr. 00 min. [21];

5. July 10, 1963, 10 hr. 00 min. [22]; 6 and 6'.

June 6, 1963, 7 hr. 30 min. [23]; 7. Average for two
launchings in 1962 [24].

according to Reference [11]. Table 3 gives a summary of the experiments. At
the present time, there are already more than 20 experiments in existence on
research of the neutral composition in the range of 100 - 200 km, conducted
at different times of day and at different levels of solar activity. Figure 1
compares the values of [NZ], obtained in these experiments. It is obvious
from the figure that a large scatter is observed in the data, which reaches
one order of magnitude in the range of 180 to 200 km. On the basis of these
data it was not possible to find any dependence of nitrogen concentration on
time of day, solar activity or season [11]. At the same time, if we discard
the two curves representing the first experiment of A. A. Pokhunkov [18],
where the values of [NZ] were too high, and the first work of Hinteregger's
group [20], where an unrealistically high concentration ratio of [0]/[Ng] was

obtained, the remaining curves on Figure 1 permit the selection of mean values

110
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for the concentration of molecular

'+ k]
’”m i 7 nitrogen in the altitude range shown
600 on Table 3. These mean values of [Nz]
. 50 differ from the other experimental data
! wr on Figure|by a factor of no more than 1.6.
A Such a difference is fully allowable
'am‘ ' . both from the viewpoint of possible
:”WMW‘ﬁﬁ At measurement errors and from the view-

point of possible variations in [N2]

Figure 2, Altitude Variation in the due to variation in the overall density,
Relative Concentrations [Hel/[0] and ’
[0)/IN,] According to Measurements
on the“Satellite "Explorer XVII".
Average Curves are Given that have
been Obtained on the Basis of ,
Experimental Points [28]. oxygen concentrations obtained in

or to other as yet unknown reasons.
Mean' values of the molecular

rocket launchings can be similarly
selected ., The mean values of [02] are given in Table 3. As far as the
O/N2 concentration ratio is concerned, significantly different values are
obtained in different experiments. Figure 2 depicts an attempt to compare
the variation in the magnitude of [0]/[N2] at an altitude ofv180 km with time
of day. Along the horizontal axis on this figure we have plotted the absolute
difference in times between the moment of observation and local noon. The
data in Figure 2 show that a systematic variation is apparently observed
in the concentrations of atomic oxygen and molecular nitrogen which leads
to an increase in the ratio during the noon hours and a decrease in the
evening and morning. Table 3 gives the concentrations of atomic oxygen in
the range from 100 to 200 km according to the empirical model of Hinteregger
et al.[22]. It should be borne in mind that this model pertains to daytime

conditions. When we convert to 0 concentrations representing the morning,
evening or nighttime conditions, Figure 2 should be borne in mind.

We find that substantial difficulty is encountered in researching the /11
temperature of the atmosphere in the range of 100 - 200 km, where a transi~

tion occurs from the relatively low temperatures of the mesosphere



(200 - 300° K) to the high temper-
atures of the thermopause (1000 -
2000° X). It is difficult to deter-

TABLE 4

H,km|100}110|120]130]|140|160] 180 200 mine T on the basis of data on the al-
_ titude of the homogeneous atmosphere

T,°K|205] 250 |332|502} 666 [935 |1042]|1100 | obtained from manometric density
measurements because of the absence

of reliable data (until quite re-
cently) on the chemical composition
of the atmosphere, i.e. on the value of p (molecular weight) necessary for
finding the temperature. Methods have begun to be developed recently for
determining the parameters of the atmosphere by actively influencing
it (releasing metal vapors, nitric oxide and other reagents from
rockets'), However, for the present they give only the general character
of the change in the value of T in this altitude range (see the article by
Blamont [25]), without allowing for the complex variations in temperature
which take place with change in time of day, solar activity, season, etc.
Table 4 shows the temperature distribution in the range from 100 to 200 km
according to the Kallman and Sibley model [17]. This model, as mentioned
previously, pertains to the daytime conditions dufing the period of average
solar activity (1960). It is essential to bear in mind that the temperatures
cited in Table 4 are given only as an example of the possible distribution
of T, and may differ substantially from the actual teﬁperatures in the

atmosphere,

.c. Altitudes Above 200 km. Above 200 km, as mentioned above, in-

vestigation of the atmospheric density is conducted basically from observa-
tions of the deceleration of artificial satellites. The information
accumulated for the past few years has permitted clarification of the
significant Qariations in density at these altitudes. Two types of varia-
tions in p are apparently the most substantially diurnal variations and

those depending on solar activity. The diurnal variations are produced by



]

TABLE 5
1958 1959 1960
55108 | "3,2.10° W 2,1-10° 13
: Day Night Day Night |
4,6-1071 | 3,9.1071¢ 3,6.1071¢ 3,3'-%0-?‘
1,4:4074 | 9,0.107% | 5,6.40"% | 7,0.40% | 3 5.107

500 - | 5,2.101
600 1,9-10718

3,1.10°8 | 1 g.qp-
1,1-10™1

2,0.1071s

{ 2,0-107s 4.A7-10"u ’
6,4:10718 | 7 0.10717 |

700 | 7,6407 | 4,4.407% | (5.407) | 2,0.107 [ 1,4-10

1961 1962 [L963~1964{1962~1964] '
(day ) (day) | (might)
10718 i
Z, 2,7:.10™ 10
by Night . 1,8.10"1
3,0-40°M | 4,4.407¢ | 34907 | 4
4,410 | 4,5.408 | 3.0.90~ | o
7,407 | 1,8.4078 | 4,2.107 | 3.4
1,6.4077 | 3,2.40 | 7,040 | 6,0.40-v | 1.8.10-1
4,6-1078 | 1,9.407 | 1,910 | 4,6.107 | 6,5.1078

*T;aﬁéiZfér;s note: Comﬁas represent decimal points.
changes during the day in the intensity of short-wave and corpuscular
solar radiations, and consist of an increase in the atmospheric density at
night as opposed to that during the day. As is obvious from Reference [9],
the amplitude of the fluctuations in p grows with altitude, reaching almost
one order of magnitude at an altitude of 600 km.

Variations in density from maximum to minimum solar activity take place
with even greater amplitude, Table 5 shows the mean values of density
obtained by King-Hele [7] on the basis of analyzing variations in the orbits
of 45 satellites in 1958 - 1964. This table shows that the daytime values
of p change by a factor of 30 - 50 from the period of minimum activity to
the period of maximum activity at altitudes of 600 - 700 km. The nighttime

values of the density vary from maximum to minimum activity even more strongly.

A variation in atmospheric density is observed over a period of
27 - 28 days (monthly effect). According to the work of V. V. Mikhnevich
[9], this variation lies within a factor of 1.5 to 2 and must be greater

/12



for higher altitudes. Variations in p are also noted with a semiannual
period and a jnarrower| latitude. In addition to the periodic variations in
density it is possible to have variations in p which depend on spontaneous

phenomena: geomagnetic perturbations, solar flares, etc.

Research on the neutral composition of the atmosphere above 200 km is
extremely limited. During the launching of the geophysical rocket on
November 15, 1961, A. A. Pokhunkov [21], using a radio-frequency mass-
spectrometer, measured the: concentrations of molecular nitrogen up to an
altitude of 430 km. Comparison of these concentrations with the data on the
atmospheric density showed that at a maximum altitude of 430 km molecular
nitrogen comprises 30 to 60% of the total number of particles [21]. This
latter indicates that the nitrogen molecule is a substantial component
of the atmosphere up to significantly higher altitudes than was assumed

previously (see, for example [20].

These conclusions are also verified by the results of research on the
neutral composition of the atmosphere on the "Explorer XVII" satellite
[26, 27)]. According to reference [26], atomic oxygen begins to prevail over
molecular nitrogen at an altitude above 250 - 300 km., In individual in-
stances, however, the level where the atomic and molecular concentrations
are comparable ([Q] = [NZ]) lies at significantly higher altitudes [28].
Figure 2 shows the values for the ratios of [0]/[N2] and [He]/[0], obtained

in these experiments by Reber [28].

The temperature of the thermosphere is very sensitive to change in solar
activity. According to the work of Jacchia [8], the magnitude of T above
the thermopause varies at night from 1400° K during the maximum activity

(1958) to 700° K near the minimum (1963). The corresponding values for

the daytime temperature [8] are 1800° K and 900° K; fluctuations in tempera-
ture during the day in the period of minimum solar activity are less than in

the period of the maximum.

10



§ 2. ELECTRON CONCENTRATION /13

a. Altitude Range H S 100 km. The region of the ionosphere below

100 km (the so-called D region) has been studied less than the other
ionospheric regions. The reason for this will be examined below. The
electron concentrations in the lower ionosphere are distributed by several
methods. Tonospheric cross—~modulation and the method of oblique incidence

of radio waves are among the surface methods used. Rocket experiments involve
studying the propagation of radio waves transmitted from the rocket or
measuring the parameters of the atmosphere directly around the rocket using

various probes.

G. S. Ivanov-Kholodnyy [3] made a detailed survey of the results of
measuring [e] in the D region using these methods. He examined the magnitude
of the electron concentrations measured in almost 40 rocket éxperiments,
and found the existence of pronounced variations in [e] from experiment to
experiment. It was found that most of the investigations on electron
concentration were done in period of disturbances (in the presence
a sporadic E layer, polar blackouts, solar flares), when the magnitude of
[e] is greater than in the unperturbed D region. Nighttime values of the
electron concentrations at altitudes of 60 - 100 km were found to be
1 - 1.5 orders lower than the daytime values. Comparison of the research
results on [e] using various methods shows [3] that the probe methods are
greatly inferior, as concerns the reliability of the results, to the methods
of radio wave propagation. Table 6 gives the mean values selected by G.S.
Ivanov-Kholodnyy [3] for the electron concentration by day (under quiet
conditions and in the perturbed ionosphere) and by night (the table gives

log [e]).

11



TABLE 6

Conditions , B, km” o
60 ] 65 701 75] 80| 8 ] 90] 95 | 100
Day 1.6 | 1.9 | 2.2 | 2.6 | 2.9 | 3.3 | 3.8] 4.5 | 4.8

Strongly perturbed |, ;| 35 13536/ 3.8} 4.1 4.5 4.9 | 5.1
ionosphere
Night | — |1 1.3] 1.6 | 2.0 | 2.5] 3.0 |:3:5

b. Altitudes Above 100 km. On the basis of analyzing the data obtained

in approximately 90 rocket experiments, T. V. Kazachevskaya and G. S. Ivanov-
Kholodnyy [29] constructed an empirical model of the quiet ionosphere at
altitudes of 100 - 300 km. Figure 3 shows the variation in [e] at various
zenith angles of the sun in summer and in winter during low solar activity
and in summer during high solar activity. This model at the present time

is the most reliable and gives the magnitudes of the electron concentration
with an error that does not exceed a factor of 2. Just as in Reference [3]
for the D region, the authors of [29] came to the conclusion that the results
of probe measurements of [e] are less reliable than the data obtained by

other methods.

Figure 4, taken from the survey work of Bourdeau et al. [2], shows the
variation in electron concentration above 200 km during the day (12 hr.
38 min., October 19, 1961) and during the night (2 hr. 27 min., March 29,
1962), It should be borne in mind that the curves on the drawing give only
the character of the variation in [e] above 200 km. The actual concentra-
tions at each moment may differ from these values due to the existence of a
different sort of variation in the electron concentration. According to the
detailed investigation of Brace and Ready [30], at an altitude of 100 km
the variation in [e] with latitude reaches a factor of 3 and decreases by

approximately 2 times from day to night.

12
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Figure 3. Altitude Variation

in Electron Concentration of
[e] At Various Zenith Angles

of the Sun According to the
Model of G. S. Ivanov-Kholodnyy
and T. V. Kazachevskaya [29].

a. In Summer during a Period of
T Low Activity. b and ¢. In "

' Summer and Winter during a Period
of High Solar Activity, Respec-

tively.

M
diiﬂﬁo 0’ ‘?Eﬂﬂ - (e, continued on next page)
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§ 3. CONCENTRATIONS OF POSITIVE AND NEGATIVE IONS

a. The Ragggrﬂ,Eiloo km. At the present time experimental data on the

ion composition of the atmosphere below 100 km are extremely limited. A
series of experiments on studying the overall concentration of positive ions
using probes was done by Sagalin and Smiddy [31] and by Smith [32]. The
results show that the magnitudes of [X+] are almost constant at altitudes in

113



Figure 3, (Conclusion) Altitude Variation in Electron
Concentration of [e] At Various Zenith Angles of the
Sun According to the Model of G. S. Ivanov-Kholodnyy and

T. V. Kazachevskaya [29].

a. In Summer during a Period of Low Activity. b and
¢, In Summer and Winter during a Period of High

Solar Activity, Respectively.

the range from 60 to 100 km and are equal to (23 - 10)-103 cm-3. Comparison

of these data with the most reliable measurements of the electron concent;ation\
in the D region was made by G. S. Ivanov-Kholodnyy [3] who concluded that

during the day [X*] > [e] at altitudes below 75 - 80 km. This means that /16
below this levgl a considerable contribution is made by the negative ions

to the overall concentration of charged particles. The role of the negative

ions in the D regionjand the level where [X"1/[e]l = A X 1, will be discussed

below.

The first investigations of the ion composition of the atmosphere below

100 km were made in the experiments of Johnson et a1{W33]. It was estab-

-
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e #km! lished that at altitudes greater than
. ‘ e 90 km 0; and NO+ ions were observed.
i 50 Furthermore, during the flight a weak
_mﬁ peak was observed for the negative
ion with a mass of 46 amu (probably
~_ w0 NOE). Recently investigations of the
. "'m% == é, L 7 ion composition of the D region were
- ‘Mkm_ " made by Narcisi and Bailey [34, 35].
Figure 4. Variation Electron Figure SLtaken from the survey work
Concentration with Altitude
During the Day (12 hr. 30 min., of Narcisi [36], shows the concentra-
October 19, 1961, Curve 1) and tions of positive ions at altitudes of
at Night (2 hr. 27 min., March
29, 1962, Curve 2). 65 - 85 km according to three mass-

spectrometric experiments conducted
in 1963 - 1965. The accuracy of the concentrations is evaluated by the
author [36] in the following manner: a factor of 4 for the absolute values

and a factor of 2 for the relative values.

It is obvious from Figure 5 that in addifion to the atmospheric ions
N (28 ), NO (30 ) and 0 (32 ), ions of H 0 (18 ), H 0 (19 ) and H (H 0)
(37 ) are also detected in the D region as well as ions with a high mass
number (>45), which the authors identify as ion "bunches of H(H20)3 type.
It is natural to assume that the ilons containing H 0 are the result of
contamination of the surrounding atmosphere by the rocket. However, com—
putations show that even a very high degree of contamination cannot give
the registered high concentrations of 19 37 and 45 ions; therefore,

Narcisi [36] assumes that these ions are atmospheric.

b. Altitude Range from 100 to 200 km, At the present time the ion
composition here has been investigated significantly better than in other

regilons of the atmosphere. The experiments were conducted at various times
of day (at various zenith angles of the sun) and in various periods of solar

activity (as an indicator, the radio emission flux at 10.7 cm wavelength
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Figure 5. Concentration Distribution of Positive Ions in
the Lower Part of the Ionosphere According to the Experi-
mental Data of Narcisi [36].

Figure 6. Variation in
Relative Concentration of
Ions at Various Altitudes

as a Function of the Solar
Zenith Angle Zge

a. +_For 0+/[e]; b. for
NO /[e]l; 1. 200 km;

2, 180 km; 3. 160 km;

4 and 5. High and Low

Solar Actilvity, Respectively;
6. Nominal Variatjion in

the Region zg < 50°.
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was used). This permits investigation of the variation in ion composition
of the atmosphere with time of day and solar activity.

Figure 6 shows the experimental data on variation in ion composition at
altitudes of 160, 180 and 200 km as a function of the solar zenith angle z
during daylight hours. Let us point out the difference in the variations
of [0+]/[e] (Figure 6a) is equal to approximately 0.40 for z = 55° during high
activity and about 0.65 in the period near minimum solar activity. For these
same periods the magnitude of [0+]/[e] when z = 90° is 0.15 and 0.08
respectively, Thus, analysis of the experimental data shows that the drop in
relative concentration of the 0  ions with an increase in z from 50° to 90°
is more abrupt during low activity than during high activity. 1In this range
of z the relative concentrations of NO+ and 0+2 ions vary approximately
indentically and specularly in comparison with the variation in the magnitude
of [0+]/[e]. In this regard, [N0+]/[e] also behaves differently with variation

in z from 50° to 90° during periods of maximum and minimum solar activity.

c. Altitudes Greater than 200 km. A detailed investigation of the

atmospheric ion composition in the range of 200 - 700 km was made by V. G.
Istomin [37, 38] for the third Soviet |satellite. With an increase in altitude,

a rapid decrease was observed in concentrations of the molecular N0+ and 0+2

ions together with an increase in the relative concentrations of atomic 0+ and
N+ ions. It was found that at the maximum of the F2 region the ionosphere
practically consists of electrons and ions of atomic oxygen with a small
(v10%) addition of N+ ions. The results of these investigations were found

to be in good agreement with the data on ion composition obtained on rockets
in the region H < 200 km. Figure 7, taken from the work of V. G. Istomin
[39], shows the variation in relative ion concentrations at altitudes of 100-

700 km., On this figure it is easy to see that rocket data for [N0+]/[0+]

17
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Figure 7. Variation in Ion Concen-
tration Ratios. -+ -+

and [0°2]/[0"] agree well with the

On.the Rocket (Aggust+1958, Day- results from satellite research at

light): 1. [02]/[0 1; 2.

+1 0+
[NO 1/{C']; On the Third Arti-
ficial Earth Satellite (May 1958,

high altitudes, giving smooth curves.

DaYiighti; 3. [0;]/[0+]; 4. Investigations of the atmospheric ion
4o

[N9°1/1Q°15 5. [N,1/10°]; 6. composition above the maximum of the

(N'1/[0°1.

F2 region (300 km) involve a number of
experimental difficulties and contfadic-
tions. It was emphasized in reference [40] that the conclusions concerning

the basic parameter, i.e. the altitude of transition from the oxygen ionosphere
to the proton ionosphere ([O+] = [H+]), differ considerably according to in-
vestigators using different experimental methods. The question of helium ions
in the upper atmosphere will be examined below. Figure 8, taken from Reference
[40], reflects the variation in ion composition with atltitude according to

the data from the satellite "Elektron'.
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§ 4., INTENSITY OF ULTRAVIOLET SOLAR RADIATION

The most complete investigations on the intensity of short-wave solar
radiation have been rocket studies by U.S. researchers (Tousey [6], Friedman
[41], Hinteregger [5], Hinteregger et al. [22], etc.).” Below we shall cite
data on the energy of solar ultraviolet and x—radiation outside the atmosphere
taken from survey [5]. Table 7 gives the energy flux (in erg/cm .sec) within
a range of A\ = \A\for the region A = 2625 - 1325 A according to the measurements
of Detwiler et al. [42]. Tablg 8 gives the radiation fluxes for]separate spectral
ranges in the region A < 1325 A. These data were obtained in Reference [22].
The quantity AI includes both the energy of the continuous spectrum and the
energy of the basic emission lines in this region.

The radiation intensity in Table 8 refers to July 1963 [22] and the
data in Table 7 to 1960 [42]. The question on variations in intensity of
short-wave solar radiation with the cycle of the solar activity has\not yet been
adequately studied. According to [5] from August 1961 to December 1963
a decrease 'occurred in the intensity of the majority of the lines in the
range from 1216 - 284 X by 1.5 to 2 times., For lines with a high potential /19
of excitation, such as FeXVI(335.0 X) or FeXV(284.2 X) this decrease was
found to be slightly larger. It obviously follows that from maximum activity
to minimum activity the intensity 6f the ultraviolet solar radiation with
A < 1000 X varies by 2 -~ 3 times.

Radiation in the Lyman - a line plays a major role in the upper at-
mosphere of the Earth. The intensity of this radiation was measured in
several experiments. At the present time it is assumed that this intensity
varies little with time and is 3 - 6 erg/cm *sec [2]. On the basis of
experimental data on]ultraviolet solar radiation flux, the ionization

rates and |dissociation rates of the atmospheric components were computed
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A ergs
2 Rggionfk, AIE—L_EL Region A AAI,éergs
L %?P -sech s ‘.jcm .sect
SV ,_2125——2015 . 4450 -:6255—'15%'5' - v
... ) 207502025 ) . 90 15151525 i 4,
{ 2025—1075 [ 70 15251475
o) A9TB—1925 ¢ - 55" ',1475—142&‘%
C 18251875 |- M.} '
1875--1825 28 -;425—1375
1825—1778"| - 18 13751325 | .
4151725 | 12 X O Y UL
47251675 | 82 N
1675—1625 50 1 <
TABLE 8

AL

=1 %

Cm

]ﬂhotons X 10

hd sec

9&?

200,

at various altitudes. The most complete data were obtained in the words
-of G. S. Ivanov-Kholodnyy [43, 44]. Figures 9 and 10, taken from these papers,
show the total rate of ionization q as a function of the solar zenith angle

and the ionization rate of the basic atmospheric components

to low solar activity.

The profile of the rate of dissociation of molecular oxygen was obtained

in Reference [22]. Figure 11, taken from this paper, shows the, variation

20

respectively, at
altitudes of 100 - 300 km. It should be borne in mind that these data refer



700 with altitude in the coefficient of

digsociation 0230 and the rate of
digsociation Yo %t altitudes of 100 -
200 km.
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00

7 Thus, at the present time there
log q are already sufficiently reliable

Figure 9. Altitude variation of the experimental data on the distribution
Overall Rate of Ion Formation in the
Atmosphere at Varipus Solar Zenith
Angles According to [43]. atmosphere. The agenda includes the

!
4

of the basic parameters in the upper

» km quegtion of investigating those mech-

am | anisms which determine the distribu-
tion of these parameters with altitude,
200 their varjation with time of day,

season, solar activity, etc. This in

109 turn leads to the necessity of a
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700 detailed investigation of the basic

processes in the upper atmosphere
200 involve both neutral and charged

particles . Let us examine

00 the question as to what is known at

ié_;::éfdJ the present time concerning the role
et and the effectiveness of these pro-
Figure 10. Altitude variation of the
Relative Rate of Formation of Differ-
ent Ions at Low Solar Activity
According to [44].
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Fqﬁure 11. Coefficient of Dissociation
Jo, and Rate of Dissociation jg, [02]

of Molecular Oxygen in the Atmosphere
According to Hinteregger et al. [22].
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PROCESSES INVOLVING CHARGED PARTICLES

The influence of various hard radiations on the upper atmosphere of the
Earth leads to ionization of the .atmospheric components and to the formation
of positive ions and electrons. In the role of ionizing agents we find
ultraviolet solar radiation, x—radiatioﬁ, cosmic rays and corpuscular streams,
Each of these factors operates in a given altitude range and leads to pre-
determined effects. The relative role of certain ionizing sources of radia-
tion may vary as a function of time of day, solar activity or other factors
(for example, ionization by x-radiation prevails during solar flares over
ionization by radiation in the Lyman - o line; the corpuscular streams which
have little effect during the day may determine the ionization of the

nocturnal ionosphere, etc.).

The reactions of recombination of positive ions and electrons (in

the lower part of the ionosphere it is the negative ions, about which we
speak below in detail) are processes that are inverse to the ionization of
neutral atmospheric particles. The problem of determining balanced concen-
trations of electrons formed under the influence of the processes of ioni-
zation and recombination was first studied in 1931 by Chapman [45]. He
simplified the conditions of the problem: an atmosphere consisting of a
single gas with an altitude-constanf temperature, monochromatic radiation,

and a two~dimensional layer. It is obvious that at the present time such a

solution ig| inapplicable in the general case both because the atmosphere has a

complex composition which, like the temperatu.e, varies with altitude while
the absorption coefficient varies strongly with the wavelength of the ionizing
radiation, and because the positive ions and electyons formed as a result

of direct photoionization may undergo a whole series of complex conversions
before the inverse process of formation of neutral particles takes place

with recombination of the charged particles, which leads to significantly

more complicated laws governing recombination in the ionosphere than Chapman

had assumed.

22
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a. Recombination of Electrons and Positive Tons, The processes of

interaction between positive ions and electrons, leading to the formation of
neutral particles, are called recombination processes. Since the energy
expended on ionization of the neutral particle is released when the correspond-
ing elgctron and positive ion combine, the question as to what happens to the

resultant energy surplus becomes very significant.

The simplest mechanism for release of this energy is by radiation; the pro-
cess of interaction between the positive ion and the electron, which leads

to radiation of the energy surplus, is called radiative recombination:
Xtte—s»X4-hv. 1)
where X can designate either an atom or a molecule.

Another mechanism for release of the energy surplus may be by transmitting

it to a third body (atom or molecule) which participates in the reaction:
Xt4-e+M— X 4 M* 2)

where the symbol * shows that the particle M received an additional share of
energy. Finally, when molecular ions interact with electfons, a process of
dissociative recombination may take place in which the energy surplus goes

to dissociation of the resultant short-lived complex and to excitation of the

reaction products:

XY* +e— XY

unstable Xty &)

Now let us look at the effectiveness of recombination processes (1) - (3)
and their role in the various regions of the ionosphere. A detailed survey

of the present state of the art on research in recombination processes is
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given in the work of Biondi [46].

The rate constants of the radiative recombination processes were com-~
puted theoretically on the basis of quantum theory for hydrogen ions.
Theoretical cbmputations of the radiative recombination rates of ions which
are very important for atmospheric physics, i.e. ions of atomic oxygen and
nitrogen, were made by Bates [47]. These computations show that the rate

constants for radiative recombination are on the order of 10-12cm3.sec_1.

Very little data exist on the effectiveness of thé recombination pro-
cess of ions and electrons with triple collisions. Massey and Burhop [48]
found on the basis of theoretical arguments that the constant process of oy
must be equal to 6'10_27 cm6'sec_1 in air at a temperature of 300° K. At
the present time, however, there are no experimental data on the magnitudes of

a, which could be compared with these theoretical evaluations.

2

Dissociative recombination of mojlecular N0+, 0; and N; ions is the
basic process in practically the entire ifonosphere leading to the loss of

electrons and positive ions:

SMrrianeo, ] ®)
“o,+,_, 640, ] (5)
s ] ®

In. recent years several papers have dealt with experimental and (partially) 22

theoretical investigations of these processes. Summaries of the basic attain-
ments in this area have been published many times in recent years in survey
papers [46, 49-55]. Theoretical computations of the constants of the dissocia-
tive recombination processes are eitremely difficult due to the necessity of
having precise knowledge of the potential curves of the molecule and the

molecular ion, especially near the point of intersection of the curves for

24




the ion and the potential curves for the excited state of the molecule as well

as the lifetime of the excited state. ' At the present time no such data are

available.

Therefore|, the conclusipng of ;hgoretiqal research are only
qualitative at the present time. To obtain any reliable quanti-
tative data on the |magnitude of a* it is necessary to carry out laboratory

research on dissociative recombination and to:-use estimates of the rate of these
_ processes obtained on the basis of ionospheric data.

Here we shall not cite a detailed survey of the laboratory research on
the magnitude of a* for atmospheic ions. Such a survey can be found in
References [15, 51, 55]. We shall cite only the basic results of the combined

analysis of laboratory and ionospheric data on a*, given in References

[55, 56].

At the present time the values of the constants o¥ (N;), o* (0;) and
a* (N0+) for a temperature on the order of 300° K are\fair1Y.rgliab1y known

and may be assumed equal to-

a*(N})=3.10—7 <.:m3-sec—<1
a® (07) =3.1077 cm3'sec__1

a* (NO*) =15.10"7 cm3 . sec_l

)]

The error in these values of a* should not exceed a factor of 1.5 for

+

the N2 and 0; ions and a factor of 2 for the NO+ ions.

The problem of the values of a* at higher temperatures (~1000 - 2000 ° K),

i.e. the temperature dependence of the constants (7), is more complicated. At

the present time various authors accept different forms for the dependence of a* on
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T. We feel the most valid to be the viewpoint of G. S. Ivanov-Kholodnyy |56 ]
who found on the basis of analyzing both laboratory and ionospheric data

that the dissociative recombination constancs depend on T in the following

manner:

o* (N}) o< T,
a* (0}) e T, (8)
@* (NO*) oc T2,

The problem of the temperature dependence of the constants a* however
is very complex. For example pné of‘the problems is that the value of \
o* must depend on the temperature of the charged particles {(which in a number
of cases may differ considerably from the temperature of the neutral atoms

and molecules), and the laboratory data are "bound" to the temperature of

the neutral component.

The evaluations given above for the rate of the various recombination
processes allow us to judge the relative effectiveness of these processes
in different regions of the ionosphere. Comparisonvof the rate of
electron loss trom the reaction of triple recombination . (2) with the rate of the\
radiative recombination of electrons shows that when a. & 10_26cm6'sec-l,
we must have concentrations of neutral particles greater than 101 en3

for the rate of process (2) to be greater than the rate of radia-

tive recombination. Since the quantity [M] is mpch smaller than 1014 cm_3,

in a large part of the ionosphere (above approximately 110 km), reactions /23
of triple recombination can be ignored in analyzing the ionospheric

processes.

Thus, the basic "competing" processes of recombination in the upper
atmosphere are the reactions of dissociative recombination of molecular
ions (3) and radiative recombination of atomic ions (1). Since the values
of a* for the basic atmospheric ions are at least 4 orders higher than the

constant of radiative recombination for the basic atmospheric atomic ions of
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0+ and N+, processes of dissociative recombination constitute the basic

mechanism of electron loss in the ionosphere at altitudes of 100 - 500 km.
Below 100 km, processes of dissociative recombination also constitute the

basic process for interaction between positive ions and electrons.

However, theoverall rate of neutralization at these altitudes will depend
on the processes of interaction between Positive and negative ions (see

below).

b. TIonization of Neutral Particles. Current opinion holds that the basic

source of particle ionization in the upper atmosphere of the Earth is ultra-
violet solar radiation. The ionization threshold of the basic atmospheric
components, i.e. nitrogen and oxygen in atomic and molecular form, lies in
the range of 800 - 1020 3 (see Table 9)|; therefore radiation on a

shorter wavelength may lead to the formation of ions and electrons in the
upper atmosphere. In addition to the direct photoionization of the basic

o
atmospheric components by radiation at A = 800 - 100 A:

Ny+hv— N} te;
9
O hhy Of +¢, | (10)
O+ hvis OF 45, (11)
N+hv—N*Je, (12)

in the lower atmosphere a substantial role may be played by the photoioniza-

tion of nitric oxide molecules which have a low ionization potential of

9.25 eV [57] by radiation in the strong Lyman - a line of the solar spectrum:
NO v (La) — NO* -4 (13)

If the quantum energy of the ionizing radiation is sufficiently high,

dissociation (the process of dissociation ionization) may take place simultan-

eously with ionization of the molecules, which leads in the case of a diatomic
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TABLE 9

-

Particles 02 N2 0

Ionization threshold, 1020.4 796.0 911.6 852.7
0 1
A (according to ﬂ57]

molecule to the formation of an atomic ion and a neutral atom:

N} +h9>N" 4N,

O3+ h¥—~ 0"+ 0 +e. (15)

(14)

‘The quantum energy (or particle energy in the case of dissociative ionization by

corpuscular fluxes) which is essential for dissociative ionization of
molecular nitrogen, is approximately 25 eV (X = 495 X), and of molecular
oxygen, 19 ev (A = 650 2). The relative effectiveness of the dissociative
ionization process is low in comparison with direct ionization. According to
the detailed research conducted by Weissler et al. [58], for example, the
production cross section of N+ ions with ionization of the N2 molecule by
radiation at A = 400 - 500 A is 1 - 2 orders smaller than the production
cross section of N; ions, The same also applies to the production of

O+ ions with irradiation of the 02 molecule. Since atomic oxygen exists in

a large part of the ionosphere in greater amounts than does molecular oxy-~
gen, the role of 0+ production by process (15) can be ignored.

A different situation is observed with atomic nitrogen. Since the concentra-
tions of atomic nitrogen at altitudes of 100 - 300 km are low and comprise

3

approximately 10_2 - 10 ” of the N, molecule concentration, we cannot exclude

2
the possibility that dissociative ionization of molecular nitrogen may be
more effective in the formation of N+ ions than direct ionization of N

atoms, and the experimentally registered N+ ions may be primarily the product

28



of reaction (14). TIonization rates for the basic atmospheric

components above 100 km for minimum solar activity were, as shown

above, obtained in the research of Hinteregger et al. [22] and G. S. Ivanov-
Kholdnyy [43, 44]. However, it should be remembered that with variation

in the level of solar activity the conditions in the atmosphere must also
vary. In particular, with increase in solar activity, the intensity of ultra-
violet solar radiation must increase, and the neutral composition of the
atmosphere may vary. This means that the magnitude of the ionization rate in
the atmosphere is a function of the level of solar activity and in principle

we must have values of q for the various conditions,

Analysis of the dependence of ionization rate on variations in density

of the upper atmosphere is given in the work of G. S. Ivanov-Kholodnyy [59].

On the basis of experimental data for variations in density of the atmos-

phere with a change in the level of solar activity, Ivanov-Kholodnyy [59]
computed the ionization rates at various solar zenith angles for the case of
maximum and minimum atmospheric density. Table 10, obtained on the basis of the
data in Reference [59], shows the ratio of the ionization rate for maximum values
of p to the ionization rate for minimum density of the atmosphere at various
altitudes for two solar zenith angles [f(zo) equals to 1 and 2 for the upper

and lower lines of the table, respectively].

It is obvious from the table that the variation in ionization rate due
to variations in atmospheric density is increases with altitude. Below
300 km this effect may practically be ignored; however, at altitudes of
500 - 800 km the difference in q reaches a factor of 3-10. It should be borne in

mind that these values of log qnizireféect only the variations in atmospheric
density with variation in solar activity; the overall variation in ionization
rate at each altitude with variation in activity will be determined both by
variations in density and by variations in the intensity of radiation from the
neutral composition of the atmosphere. As yet there are insufficient data

concerning the dependence of these latter parameters on solar activity.
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TABLE 10

H, km 100 §150] 200f 250 | 300 | 400 | 500 i 600} 800

1lg 0 01]0.0110.07 |0.17 |0.38 0.59|0.76 ] 1.08
qmin
qmax

1g 0 0}0.08]/0.02 j0.13 |0.35{0.58]0.76 1.08
Qnin

c¢. Ion-Molecular Reactions. In 1949, Bates first mentioned the

possible role in the upper atmosphere of reactions such as:

X+ +YZ > X+ YZ", :
— +YZ X+ 16)

Xt b YZ—s XYt 2.
17)

Later the role of processes (16) and (17) was studied in a number of /25
papers which were discussed in detail in the surveys [15, 55, 60]. Here we
shall give only a survey of the laboratory data on the effectiveness of the
basic ion-molecular reactions in the ionosphere. The results of research

on the two major ion-molecular reactions
O% 4 Np—~ NO* + N, (18)
O+ + 05— 0} +0, (19)

which determine the ion loss of atomic oxygen in the atmosphere, are given
in\Table 11. As follows from the table, the situation with the laboratory
investigations of the reaction constants that are of interest to us is

extremely unsatisfactory. Even if we discard the high value
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TABLE 11
Authors Reaction Constant Reaction Constant
0%+ N, > NOT + N(18) 0" + 0, » 0 + 0(19)

Potter [62] t T 07 R § -
Dickinson & Sayers [63] Vo — 5 [~ 2s540m
Talrose et al.[64] I <B 70 - { -
Langstroth & Hasted [65] b 4,771 | | + 1840
Fiet et al [66] P = ol i (1—10).101
Volpe et al. [67] [sic] | 2,201 4 { R
Sayers & Smith [68] - [~ Tg,7.107m 1 : 1 64011
Paulson [69] | LA ( — -
Paulson et al. [70] - F77 g0~ ] b =
Fehsenfeld et al [71, 72] L. 34Qﬁ{'—_—1 | 44012

g = 2-10-lo cm3'sec-1 found by Paulson et als [70] (since it contradicts\the

valve given in the review paper ﬁy Paulson himself J69J who found there that

g _<__5'10_11 cm3-sec—l) and the high value g = 10-8 cms-sec_l, which as

repeatedly mentioned before, is obviously in error, a scatter is observed

in the most reliable values of a,, by one order of magnitude and the high

18
and the low values have been confirmed in two experiments. Formula (19) is

' slightly better for the reaction constant, but even here we must discard

the data from the experiment of Langstroth and Hasten [65] (which yields a

value of « that is allowable from the viewpoint of ionospheric data), in

18

order that the other values of a,_, might agree among themselves with an

19
accuracy up to a factor of 2.

It is therefore of interest to look at the ionospheric data on the

constants o., and a " Table 12 (from Reference [61]) gives evaluations

18 19°
of the reaction constants (18) and (19) on the basis of ionospheric data.

As follows from the table these evaluations generally differ consider-

ably among themselves. The most.reliable values (lines 3 - 10) are found
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TABLE 12

Authors Reaction Constant Reaction Constant
0" + N, »N0" + N (18) |07 + 0, > 0] + 0 (19)
Bates & Nicolet [73] 2018
Harteck & Reeves [74] <16'—1T ! ““=i'3':g:
Norton et als [75]) {.4012 ?-10’11
Whitten & Popoff [51] T244078 2.4011 -
Nisbet & Quinn [77] 1.3.1078 <10’
Nisbet, Sagalin & Smiddy [78] (1,6—3 2)-10™ —
Danilov (according to a/a*
and a* from [56]) (1,5—3)-1071 (0.6—1,1)-101
Elall et a¥% [22] [sic] o+ 0 12 o1 =2 3:10718
anilov & Yatsenko [79] f— Qip/cr1e S 0,1
TABLE 13
Form~ Processes Fite | Volpe |Paulson| Ferguson Harteck
ula [ et als \ et al. | et als et aly [81]
No. [661 |[671[s1cl [70] [80]
(21) ‘N* -} 03— NO* + O " 5440710 1.107190 | 3.40720 5.1079 10-10
{22) 0; + N3 NO*+NO - <2,1-10 |- 41012 10" —
(23) N} + 05— NO* +NO 2,110 || <2,1:40~12 | 4.40°0 - -
(_24) I N;’ + 03— 0;' + N 2.1070 -— — 1,0.10"0 —_—
{25) N} +0->NO*+N - - - 2,5.10w -
{26) N; +0-N,;+0* - - — <o | -
27 N*4 03—+ 0} +N - — - (0,5—1)-10~* -
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to be in relative agreement and lead (with an ac¢curacy up to a factor of

2 - 3) to the following values for the constants:

(20)

Expression (20) is the best evaluation extant today for the constants of the
basic ion-molecular reactions in the ionosphere, and is significantly more

reliable than that which can be obtained on thé basis of laboratory data.

The results of laboratory research of other ifon-molecular reactions
involving atmospheric ions are shown on Table 13. As is obvious from the
table, for the majority of reactions, with the exception of (21), there are /26
too few experiments to assume that the values of & are reliably known. How-
ever, these results give an order of magnitude of the constants of the
various reactions and permit research on the question of the role of these
reactions in the formation and loss of atmospheric ions. It should be
mentioned that the question of the temperature dependence of the constants of
ion-molecular reactions is still in a state of indeterminancy. Theory will
not give the dependence ofla on T, but the experiments of Sayers and Smith

1

[68] result in a19 « T -, At the same time, according to the experiments

in [82] an increase is observed in the constant o with increase in tempera-

18
ture. This problem awaits experimental solution.

d. Ionization-Recombination Cycle of Processes in the Ionosphere.

Under conditions of photochemical balance when the role of the processes of
diffusion, horizontal mass transport, mixing, etc. is small, the rates of
formation and loss of charged particles per unit volume per unit of time

are mutually equal:

33



g(h)==a'[e]®, (28)*

where q(h) is the total rate of ion formation at a given altitude. The
quantity a', in the right-hand side of expression (28) is called the effective
coefficient of recombination and detetmines the rate of loss of the charged
particles at the given altitude in the absence 6f an ionization source. The
effective coefficient of recombination in the ionosphere has already been 127
studied for some time using the methods of ionospheric radio probes. Accord-
ing to the variations in [e] during!a‘24%hour period and during the time

of the various perturbations it was found that the rate of electron loss in
the E region is high and proportional to the square of the electron density,
and in the F2 region this rate is substantially smaller and proportiomal to
the first power of [e]. This phenomenon was first explained from the view=-
point of the basic processes taking place in the ionosphere by Ratcliffe and
Weeks [83]. They suggested that the basic scheme of the ionization-recom-
bination cycle of processes in the ionosphere is the following: as a

result of photoionization only atomic ions [A+] are formed. As a result

of interaction with molecules [M] thev are converted according to

ion-molecular reactions such as (16) and (17) into molecular ions [M+],

which in turn disappear as a result of the rapid processes of dissociative

recombination.

Before we examine the conclusions which Ratcliffe and Weeks made in
[83], let us see just how realistic are the assumptions that they made. As is
obvious from Figure 10, the ionization rate of atomic oxygen, which of course
leads to the formation of atomic o* ions, exceeds the ionization rate of

N2 and 02 at altitudes above 130 - 150 km. Thus, the first assumption of

Ratcliffe and Weeks is completely valid above 150 km. The basic mechanism

of recombination of atomic ions with electrons is radiative recombination with
- . ~1

a rate constant»on‘phe order of 10 12 cm3 sec ~ . With

* Translator's Note: peactions (21) - (27) are given in Table 13.
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[e] & 106 cm.~-3 and rate constants of ion-molecular reactions of at least
10-12 cm3'sec—1, these reactions will be a significantly more effective

mechanism of atomic ion loss then radiative recombination, at least up to
altitudes where the concentration of neutral molecules drops to 106 cm-3,
which corresponds to H 3y 500 km. Thus, the second assumption of Ratcliffe and
Weeks [83] is fully valid for the basic part of the ionosphere. As far as
the third assumption is concerned, i.e. that recombination is
basically dissociative recombination of molecular ions, it is also

valid for a large part of the ionosphere [15].

Thus, the scheme for the ionization-recombination cycle of the pro-
cesses proposed by Ratcliffe and Weeks [83] is in fact a valid one. Let us

look at the conclusions obtained in Reference [83]. In view of the assump-

tions made, we have

g (R =1 [A*] [MF;” (29)
" at=ar M.

(30)

Above approximately 100 km where the role of the negative ions can be ignored

the following formula for plasma neutrality is also valid,
AT MY = e (31)

Let us take the quantities [A+] and [M*] from (29) and (30), respectively,
and after substituting them into (31) we find the expression for the ion

formation rate:

(32)

At altitudes where y [M] >> a* [e] (the lower part of the ionosphere), the

second term in the denominator of this latter equation can be ignored and
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the expression for q(h) assumes the form

Ty (33)

In this case the recombination rate is proportional to [e] (quadratic law

of recombination) and, as is obvious from comparing (33) and (28), the effec-

tive coefficient of recombination is equal to the rate constant of the dissoc-
iative recombination. At altitudes where y [M] << a* [e], expression (32) /28

is written in the form

g(h)=11M]1e].
(34)

In this case the recombination rate is proportional to the first power of the
2lectron concentration,and the effective coefficient of recombination o' is

itself found to be dependent on the electron concentration and equal to -

a,=T[M], (35)

Therefore in the F2 region we use a linear coefficient of recombination B,

equal to

p=a'[e]=T1[M]. (36)

We have looked at two different laws governing proportionality between q(h)
and [e] from the viewpoint of the relationship between the bhe terms y[M]
and a*[e] in expression (32). However, we can do the same from the view-
point of variation in the ion composition of the atmosphere. In fact, from

(28) and (32) we have

[M*] (37)

A .
Y=Y
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lUsing (29) - (31) we can transform this expression:

a* a®
N % A O
ttom thyon (38)

a’

In the lower part of the ionosphere where the concentration of molecular ions
is much greater than the concentration of atomic ions this latter expression
leads to o' = a*. At higher altitudes where the atomic ions predominate, a'
is much smaller than o* and is equal to y [M]/[e], which leads to a linear

law for the relationship between q(h) and [e]:

g(h)=a'[eP=1[M][]=B] - (39)

At the present time the existence of two different laws for recombination in
the lower and upper parts of the ionosphere is an indisputable fact, estab-
lished in a large number of experimental research projects. The fact that
the theory, based on the system of basic processes, fully explains this

phenomenon serves as proof of the validity of the system of processes selected.

Confirmation of the theoretical validity of the examined scheme of
processes was obtained in recent years in a number of papers in which\ex-
perimental data were analyzed on the ion composition of the atmosphere above
100 km. At the same time, appreciable refinements were made. For instance
it was found that the dissociative recombination of N; ions becomes the basic
mechanism for loss of these ions only above altitudes of 180 - 200 km, and
below this point these ions disappear basically as a result of ion-mplecular
reactions; 0; ions may be formed effectively at altitudes of H < 150 km also
as a result of reaction (24), etc. Without pausing for a detailed analysis
of these papers, we will cite here only those equations which according to
present concepts- determine the distribution of concentrations of the basic

atmospheric ions under balanced conditions:
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70[0] + [NJ] (O] ctzs

M= WlaFOles * (40)
- [& l in, [Ns] s
% n"' (¢1+an(01+cu[0al
‘ (41)
4. ‘ 10417 ’0. + [°+1 [031 ") +IN;}:6:] & .
?_"_1_ - mEm 42)
o 129
101 ui.a Ao - IN°1 (O +- D31 0 0|
o i
,[N I i : \\. B ’NQ+[C] : " ‘—r . <,-- '_;\ (43)
: ais,
(N*] _ NI/ -+ [NaJ iR 3-[N ] [N . ()

[Os] (an 4+ 227)

e. Ambipolar Diffusion and Distribution of Charged Particles in the

Ionosphere. If the charged particles diffuse vertically at a rate of w, then
the equation of balance of ionization in the general case is written in the

form:

sty (e "“‘I"” (45)

Here it is assumed that the vertical variations in electron concentration

and diffusion rate are much greater than the corresponding quantities in the

horizontal plane.

As is clear from equation\ (45) in the general case the'equiliﬁritm conce-h-—‘

trations of electrons are determined by three factors rather than two \ionization,
' recombination and diffusion. In practice,\however\ either diffusion or \

photochemistry is found to be the predominant process at this altitude, which
"controls the distribution of charged particles. In fact, because of the
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drop in atmospheric density, the ionization rate above approximately 150 -~
180 km drops with altitude in proportion to the drop in concentration of the
neutral particles. At the same time the diffusion rate increases with a
reduction in atmospheric density, and consquently the diffusion

term in equation (45) will increase with altitude. Thus, a level must exist
in the ionosphere where the loss rates of the electrons due to chemical

processes and to diffusion are comparable.

The question of the role of diffusion in determining the equilibrium con-
centrations of electrons in the ionosphere has been intensively studied
for the past ten years. In the majority of these investigations to
some degree the question was studied as to what altitude the equation of
photochemical balance (28) is mno longer valid,and it is necessary to study the
role of diffusion. Ratcliffe et al. [84] made the first evaluation of the
recombination and diffusion teims in Equation (45). They found that in the
middle latitudes the rates of diffusion and of the chemical processes in the
ionosphere are comparable at approximately an altitude of 300 km which coincides
with the altitude of maximum electron concentration. It was shown
(this was first done by Yonezawa [85]) that the formation of the ionization
maximum in the F2 region at altitudes on the order of 300 km is associated
with a shift in the mechanisms which determine the equilibrium concentrations
of electrons, and that below this altitude photochemistry predominates and
above it, diffusion predominates. 1In fact, at altitudes of the F region,
the variation in ionization rate with altitude is determined only by the drop
in the overall number of neutral particles. At the same time the recombina-
tion law at these altitudes is such that the linear coefficient of recombina-
tion B also drops with -ltitude due to the decrease in atmospheric density.
Thus, the value of the electron concentration determined by equation (34)
would have to either remain altitude-constant or increase slightly due to
the slight decrease in the number of molecules M in the overall concentra-
tion of neutral particles. The fact that such an increase is observed in
the 200 - 300 km range, where the intensity of the ionizing radiation is

altitude-constant, shows that this mechanism does in fact exist in the
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ionosphere. The decrease in electron concentration above the maximum of the
F2 region indicates that another mechanism (diffusion) begins to function

_and leads to an exponential decrease in the electron concentration with alti- /30

tude.

Detailed computations of tﬁe rates of photoionization, diffusion and
recombination in the F region for the various atmospheric models were made by
Rishbeth in Reference [86). The author found that during daylight hours
the relationship between the recombination and the diffusion terms in Equation
(45) at the maximum of the F2 region varies, depending-on-the model-used,
from 0.76 to 3.5, thus indicating that the rates of electron loss due to
diffusion and to recombination are near one another. This confirms the
concept of the formation of a maximum of F2 distribution in the ionosphere
due to a shift in the mechanisms which determine the distribution of charged
particles. For nocturnal conditions Rishbeth found slightly lower values, on
the order of 0.15 ~ 0.30, thus indicating an increase in the relative role

of diffusion at night.

At the present time obviously we can assume -that below 250 - 330 km
(i.e. below the lowest altitude at which maximum' concentration is observed)

the behavior of the electron and fon concentrations is determined

basically by photochemical processes. Therefore, the processes and

the equations studied in this section pertain mainly to the region of

the ionosphere below this altitude. Above the ionization maximum the dis-
tribution and behavior of the concentrations of charged particles are
determined by laws of diffusion which are not dealt with in the present study.

f. Processes Involving Negative Jons. Below approximately 100 km in

the ionosphere, due to the increase in density with decrease in altitude,
the probability sharply increases for'the formation of negative ions as a
result of cohesion processes: Several such processes exist. Here we
cannot describe them in detail but refer the reader to References [15, 51,

87]. Let us mention only that obviously the basic cohesion process under
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the conditions of the upper atmosphere is the reaction

02+ 03+ e— O] + 05. (46)

The rate constant @, Was investigated in the laboratory and was equal to
1.5:10730 cm®.sec™ with T = 300° k.
The process of separation of the electron from the negative ion is

called dissociation. Dissociation processes under the influence of

radiation (photodissociation) play a basic role in'the atmosphere:
X hvsX e (47)
and in the case of collision of a negative ion with a neutral particle:

X"+ M—a>X+M4e. (48)
Photodissociation from 0; ions~was investigated in the laboratory [88].
and the value of the coefticient of photodissociation p was found to equal
0.44 sec_l. However, at the present time,this value is acknowledged as too
high, and values of 0.1 - 0.2 sec“1 are used for p. According to the labora-
tory experiments of Phelps and Pack [89], process (48) has a rate constant
a8 = 14'10-20 cm:‘)‘sec_l for 0; ions when T % 300° K\,O2 molecules
acting most effectively as the M particle. However, observations of
the diurnal variation in absorption at the polar cap showed that
dissociation in the nocturnal D region of the ionosphere takes place at a
rate constant equal to 2'10—17 cm3'sec_1. f 0; is the basic negative ion
at the altitudes of the D region, then these latter twc figures contradict
one another. There are indications however, that the predominant role below
100 km is played not by 02 but rather by another ion with a high electron
affinity on the order of 3 - 4 eV. The nature of this ion has yet to be
established precisely; it is assumed that it may be NO_ or 0,. The formation

2 3
of significant concentrations of negative ions of minor impurities (such
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as Noz
The most probable means of their formation must be ion-molecular reactions

and 03) . as a result of direct cohesion is only slightly probable. /31

of the type
(49)
0'+N0:—-»N0 +Og

07+o.,->o +o,.
(51)

Processes (49) and (51) have been investigated in the laboratory [90,91],

and high rate constants were obtained for them on the order of 10—10 - 10-11

3 -1
cm”esec .

Loss of negative ions may take place also as a result of the mutual

neutralization by positive ions which happens both with two-body collisions

and with triple collisions:

Y +M>X+Y M. (53)

The laboratory investigations of these processes are rather limited and for

the present give only the order of magnitude of the rate constants:

3 - ~ .sec
s 1077 — 10slem™ sec ™ s A07%em + seC (54)

In the presence of a significant amount of negative ions the equation of

ionization balance takes the form:

IR o
@Fm =@+ Mgy (55)



Here o . is the rate constant of mutual neutralization and A = [X ]/[e] is
the ratio of the concentration of negative ions to the concentration of elec-
trons. The sum (a* + Aamut) = o' acts as the effective coefficient of re-
combination in this case. The quantity A is the most important, and at the
same time the least known parameter of the lower ionosphere. The question of
the altitude\at which A is equal to 1 (i.e. the level above which the negative
ions can be ignored in describing the ilonospheric processes), has as yet not
been answered. Theoretical computations of A involve difficulties in identi-
fying the basic negative ion in the D region as well as uncertainty in know-
ledge of the constants of a number of processes. Attempts to estimate the
number of negative ions by comparing the measured concentrations of electrons
and positive ions involve problems of an experimental nature. Comparison of
all data available today brings the author to the conclusion that’ the value

of A is equal to 1 at an altitude of 80 - 85 km; below this level the negative

ions predominate over the electrons.

It should be emphasized that the problem of the chemistry of charged
particles in the lower ionosphere at the present time is in a confused state.
Besides the problems and contradictions associated with negative ions it is
still necessary to explain the large number of ion bunches with the partici-
pation of molecules of water and hydroxyl ((H20)H+, H(HZO);, H(HZO); o s 2)y
registered in the mass-spectrometric experiments of Narcisi [92]. The pre-
dominant role of such ions contradicts the previously existing concept as to
the ionization mechanisms of the D region, according to which the basic

positive 1lons must be N0+, O; and N; ions.

PROCESSES INVOLVING NEUTRAL PARTICLES IN THE IONOSPHERE

The close connection between neutral and charged particles in the
Earth's ionosphere is presently becoming increasingly obvious. On the'one
hand, the formation and destruction of charged particles are directly con-

nected with the neutral components of the atmosphere. The formation of atomic
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and molecular ions, having completely different coefficients of recombination,
depends at a given altitude first of all on the relationship between con-
centrations of atomic and molecular particles. The effectiveness of ion-
molecular reactions, which play a very large role in the ionization-recom-—
bination cycle of the processes, is closely connected with the concentrations
of neutral molecules. Ionization at altitudes of 70 - 80 km is caused appar-
ently by the interdction of radiation in the Lyman - o line witn NO
molecules. The "minor components" of the atmosphere, N02.and 03 may play an
important role in the formation of negative ions in the lower ionosphere.

All this indicates that a detailed investigation is essential for the pro-
cesses which determine the behavior of the neutral components (both basic

and "minor impurities") for a deep penetration into the chemistry of the
charged particles in the ionosphere: dissociation of oxygen and nitrogen,
formation of ozone, the reaction cycle involving mitriec oxides, etc. On

the other hand, an inverse relationship also exists between the processes
involving neugral and charged components in the atmosphere. Thus, the forma-
tion of neutral atoms of nitrogen takes place basically as a result of ion-
molecular reactions and dissociative recombination; above approximately 180 km
the ion-molecular reactions make a substantial contribution to the dissocia~-

tion of 02, etc.

In the present section we are of course in no position to give a detailed
survey of the research; therefore we shall confine ourselves only to enumera-

tion of the major problems and the basic results attained.

a. Dissociation of Oxygen. Up to altitudes on the order of 100 km,

oxygen in the Earth's atmosphere is found basically in i molecular state, The
concentrations of 0 atoms comprise only a fraction of a percent of the aver-
all concentration of particles. However, this small amount of oxygen atoms
plays a major.role in atmospheric chemistry, by leading to a whole cycle of
processes involving ozgne and mitric oxides. Let us look briefly at the

basic reactions involving 0 atoms and 03 molecules.
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The destruction (dissociation) of 02 molecules under the influence of
solar radiation takes place in two spectral ranges:

Oz -+ kv (A < 2424 A) >0 (3P) + O (3P) (56)

(the so-called Hertzberg continuum) and

O: - 2w (A < 1750 A) - 0(P) - 0 (D) (57

(the Schumann—-Runge continuum ). Since the cross section of radiation absorp-
tion by molecular oxygen in both continua is sharply different (for A =

o] - o] -
2424 A it comprises, for example, 10 24 cm2; for A = 1750 A, 10 19

will also be a difference in depth of penetration of the radiation into the

cmz) , there

atmosphere in each of these spectral ranges, and consequently in the relative

role of the Hertzberg and Schumann-Runge continua as well at various altitudes.

The oxygen atoms which form as a result of the photodissociation of 02
must recombine among themselves, thus leading to an inverse process, i.e.,
the formation of oxygen molecules. Association of atoms is possible during
triple collisions when the energy surplus released during formation of 02

is removed by the third body M
0+ 0+4M—0:+M, (58)
and the radiative association which leads to radiation of the energy surplus,
0+0->0:tbv., (59)

Furthermore, the O atoms formed as a result of (56) and (57) may .interact with

the oxygen molecules following the reaction

O+0s+M—054 M, (60)
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which leads to the formation of ozone. This latter in turn may dissociate

under the influence of solar radiation:

Os -+ kv =5 Oa 430 % (61)

or interact with the atomic oxygen
0540 .0y + O (62)

Processes (56) - (62) determine the distribution of concentrations of
atomic oxygen at altitudes below 100 km. Above 100 km it is necessary to
study the role of the vertical diffusion of atoms and molecules of oxygen
which becomes the basic process controlling the distribution of 0 and 02
concentrations. Furthermore, in the E and Fl regions of the ionosphere the
formation of atomic oxygen as a result of dissociative recombination of
molecular 0; ions must be added to the formation of atoms as a result of

direct photodissociation.

The rates of processes (56) - (62) have been measured in the laboratory
and are known with sufficient reliability. One exception only is the re-
action of radiative association (59), for which until recently no reliable
determinations had been made of the quantity o. At the present time,
ionospheric evaluations show that the magnitude of a must amount to several

times units 10_l7 cm3'sec_l[15,93].

At altitudes less than 100 km, where processes (56) - (62) determine the
behavior of the concentrations of atomic oxygen and ozone, the following

equations are valid for the variation rates of 02, 0 and 03:

X d [0y
& = — ([0l o, + o4 (01 (0s] (M) + {2 TOP [M] + 224 (0] o+ E

A 10s}i o, + 101 as},

(63)
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20l paorin + s[04 [O] () + 2 10110} + 206 01 +

| {2 [O:1ig, + [0s] lo,} ’ : . (64)

L

; _[d—]::d {[0s] /¢, + s [01 [Os]} + e [M] loz] [0}. ' | (65)

Under the conditions of photochemical equilibrium, the left-hand sides of equa -
tions(63) - (65) are equal to zero, and from (65) we can find the equilibrium

ratio of concentrations

[0s]  6[0:] [M]
[O] = 7o, +10as (66)

Before we proceed to a discussion of the equilibrium conditions for con-
centrations of 0 and 02, let us look at the effectiveness of the process of

radiative association (59) and triple association (58):

o [O1* [M]_ 23 1078 -1 (67)
- an [0 M= 9 —[Ml 34078
-16 3 -1
As is clear from this relationship, with a value of Ggg = 10 cm™rsec T,
process (59) becomes more effective than the reaction of triple colli-
sions (58) above the level where [M] = 3 1016 —3, i.e. above 50 km. Then /34

in the chemosphere we must assume reaction (59) to be the basic process of
association of 0 into molecules. Since analysis of the rocket data on the
distribution of concentrations of 0 and 0 above 100 km leads to high values
of ag % 5:10 cm3-sec [93], we shall assume that in the chemosphere it
is the reaction of radiative association (59) which predominates,and we can
compare the rates of the other processes of annihilation of the atomic oxy-

gen with the rate of this reaction:
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(68)

2[0Pas _ 2[0]-107  [0] 10%
{O1[0:] (M]ego — [02] [M]-2-107% " {Oo] [M]
2 [0]2 5o 2{01.107%*  [0]

1073,

[0s][0] g — [0s]-2.107% — [0 °
(69)

Comparison of the rates of radiative association (59) and triple reaction
(60) shows (68) that process (60) can never be ignored in the entire chemo-
sphere. At altitudes on the order of 70 km, expression (68) for C5q =

10_17 cm3-sec-l becomes equal to 1, and below this level the rate of loss of
the 0 atoms according to reaction (60) becomes greater than the rate of rad-
iative association (59). It is necessary, howevery to remember that reaction
(60) will actually lead to association of atomic oxygen into molecular only
if practically all the ozone forming as a result of this reaction then re-
combines with the atomic oxygen according to reaction (62), thus yielding
two 02 molecules. Since in an atmosphere irradiated by the sun this is not

802

[0s140, 107 5.10%

[0s](Olax [0]-2-10°%  [O] =1 (70)

process (60) introduces a contribution to the association of 0 atoms into

molecules only after sunset.

Comparison of the rates of 0 atom losses according to reactions (59) and
(62) [equation (69)] shows that under nocturnal conditions when the concen-
trations of ozone are comparable in order of magnitude to the concentrations
of atomic oxygen, the rate of interaction of 03 and 0 is higher than the
radiative association. During daylight hours when the concentrations of
ozone at these altitudes areless than the value of [0], reaction (59) pre-

dominates over reaction (62) above approximately 75 km.
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Thus, the balanced conditions for O during the day at altitudes greater
than 75 km are written in the form

21 = 0]2.
[0-][02 a5y [O] (71)

This same equation is wvalid, as is easy to see, also for balanced daylight
values of [02], since we can ignore the corresponding slower terms in equation

(63).

During the night, when j, = 0, equation (66) is transformed into the

equation 3

[03] = ctgo/%ea [02] [M] (72)

which permits us to obtain the distribution of 03 concentration with the
known ratio of constants a60/a62. Table 14 gives an example of such a com—
putation for the value a60/a62 = 2.5°10-'20 cm3, obtained experimentally [94].
As is clear from Table 14 the nocturnal concentrations of ozone increase
rapidly with decrease in altitude, reaching at the boundary of the chemo-

sphere (H % 60 km) values of 1011 - lO12 cm_3.

During daylight hours, as is clear from expression (70), the rate of
dissociation of ozone is determined by photodissociation; therefore (66) may
be rewritten in the form

ago [O] [Ox] [M]

[0 = "= 2L RLEL (73)

As 1s obvious from this equation, the daylight values of the 03 concentration
depend on the concentrations of atomic oxygen. For a rough evaluation of the
order of magnitude of the daylight concentrations of ozone let us assume

that the quantity [0] at altitudes of 70 - 100 km is constant and eqﬁal to

approximately 1011 cm73. In this case when j0 = 10-2 sec_l and Geo =

3
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] __TABLE 14 _ ]
H, km M 0, 0, (Night) 05 (Day)
P 7,208 1,5.100 . 10u 5100
70 - 2,0-108 \ 4,000 2(5) 131- 2 Z'“O!
) * . 4016 » Ladibad 03'103
8 4,210 9,0.101 9,5 108 1,0.108
. o 7,5:10 1,6.101 3,0-107 g
100 1,3.108° 29.40i * 108 _
. 2,910 9,4-108 -
2-10_34.cm6-sec—l we have (74)

(O8] =2-101 [0y] [M],

If we compare this expression with (72) we find that the daylight concentration‘zg2
of ozone must be at least one order less than the nocturnal concentration.

Since below 70 - 80 km the values of [0] are less than the assumed value of

101 op3

the quantity [0], at these altitudes the difference between the day and night

, and since the nocturnal concentrations of ozone do not depend on

concentrations of 03 must be greater. However, we must bear in mind that
because of absorption in the atmosphere the value of jo will decrease with
altitude and beginning from altitudes on the order of 68 km this must be taken

into account in evaluating the balanced 03 concentrations during the day.

Table 14 gives the daytime concentrations of O3 obtained as a result of
averaging the values of [03] in rocket experiments. As is obvious from
comparing the last two columns of this table, at altitudes of 100 - 80 km the
nighttime values of [03] are approximately one order higher than the daylight
values, just as theory predicted. Below approximately 70 km the difference
in the day and night 03 concentrations, for the reasons given above, is in-
creased slightly. If we assume that process (59) is the basic process for the

loss of 0, we can carry out quantitative evaluations of the equilibrium values

of 0 during the day.
. [O:
o= (75)

Table 15 gives the computation for the equilibrium values of [0] on the basis
of the dissociation rates jo , taken with regard to the absorption of radia-

tion in the atmosphere, and %he value %g = 10_16 cm3-sec-l.
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TABLE 15

B, km | Jg [0,] Vaiss = 10219 [0]
2 2

70 5.107w0 4,3-104 2,110 1041012

80 1,5-407* 9,0.10% 1,3.108 1,2-102

920 1,0.1078 1,6-1013 1,6-108 1,3.101

100 5,9-108 2,9-1012 1,7.108 1,3-100

Above 100 km the picture changes substantially. The lack of significant
concentrations of ozone above 90 - 100 km permits us to exclude processes

involving 0, from our study of the upper atmosphere. At the same time the /36

increase in3ionization rate of the atmospheric components by ultraviolet
solar radiation leads to the appearance of a new source of dissociation of
molecular oxygen, i.e. the dissociative recombination of 0; ions which may
be found to be comparable in intensity to the decay rate of O2 molecules as

a result of photodissociation. On the other hand, the diffusion rate, which
increases with altitude, poses the question concerning the maximal altitude
above which it is no longer possible to assume satisfaction of the conditions
of photochemical equilibrium,and it is necessary to study the diffusion

equilibrium.

The question as to the altitude at which the rates of the photochemical
and diffusion processes with participation of 0 and 02 become comparable
has been repeatedly discussed in the literature. Nicolet and Mange [95],
assuming that the basic mechanism of association of 0 atoms into the 02
molecule is the reaction of triple collisions (58), concluded that diffusion
plays the predominant role beginniﬁg from the level H = 100 km. At the present
time, as shown above, there is a basis for assuming the basic mechanism of
oxygen atom loss to be reaction (59) with a rate constant on the order of
10_17 cm3' sec_l. In this case the rates of the photochemical and diffusion
processes become comparable at somewhat greater altitudes than found by

Nicolet and Mange [95]. According to B.A. Mirtov [93], the level where the
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rates of both processes become equal lies at an altitude on the order of 140 km.
The evaluations of the author [15] give a somewhat smaller value: H = 120 -
125 km. 1In any case there is no doubt that at least above 140 - 150 km the
concentration distribution of both atomic and molecular oxygen is controlled

by the processes of vertical diffusion and obeys barometric law.

Now let us look at the role of the processes involving charged particles
in the dissociation of molecular oxygen. The reaction of the dissociative

recombination of O; ions:

0 +e~0(P)=-0(D) (76)

just as the dissociation in the Schumaun-Runge continuum leads to the forma-
tion of two O atoms in states 3P and 1D. The data available at the present
time permit us to directly evaluate the rate of process (76) at the altitudes
under study in the ionosphere; however, for purposes of clarity it is better
to estimate the dissociation of molecular oxygen due to ionospheric pro-
cesses in the following manner. Process (76) compensates, under equilibrium
conditions, the formation of OZ lons which takes place as a result of the

direct ionization of 02 molecules:

and as a result of ion-molecular reaction (19). The overall rate of formation

of 0;, equal to the loss rate of these ions according to reaction (76) and

correspondingly to the rate of formation of 0 due to ionospheric pro-

cesses, thus comprises.

V3, =10, 7, + 1041 101 30 = [04] (7 o, -+ [0*] ctss) (78)

The quantity (I0 + [0+] alg), which is the factor preceding [02], may be
2
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TABLE 16
_ , _ . , _ N o /37
H, km 100 120 140 160 180 200
25107 ] sza0 | | o || sao |1 0]
144-1077 | Bai-1077] | 2,0-107¢ || 45107 ' 5,3.1078 ..

assumed as the effective coefficient of dissociation of molecular oxygen due

to the ion reactions j; .
2

Table 16 gives the values of jé ,» computed on the basis of experimental

data on the ionization rate of vario%s components of the atmosphere, cited

by Hinteregger et al. in [22].

The coefficients of direct photodissociation of molecular oxygen jo s
obtained in this same work [22], are given for comparison. As follows
from the table, at altitudes below 140 km the ion reactions make a small
contribution to the overall dissociation rate of molecular oxygen. At
higher altitudes however the conversion of 02 molecules into atoms takes
place with identical intensity both as a result of direct photodissocia-

tion and as a result of d1on reactions.

b. Dissociation of Nitrogen and the Processes Involving Nitric Oxides

The problem of dissociation of molecular nitrogen in the upper atmosphere

is immeasurably more complex than the analogous problem for 02. Back in the
1930's Chapman gave a basically correct picture of the conversion from
molecular oxygen to atomic oxygen at altitudes near 100 km, although the
question of the formation and loss of atomic nitrogen in the upper atmosphere

has been explained somewhat only in the past few years.
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Until fairly recent times the very existence of atomic nitrogen in the
atmosphere was under serious doubt. However, at the present time there does
exist definite proof of the existence of N atoms in the upper layers of the
atmosphere. Involved in this proof is the observation of radiation from
emissions of atomic nitrogen (for example, 5200 2, 3466 X and 10.400 X) in
the spectra of the nocturnal sky and the aurora, detection of N+ ions in
mass-spectrometric experiments, radiation observed from aitric oxide dur~
ing rocket launches and that which takes place as a result of the interaction

of NO and N, and other experimental facts.

Although we can no longer doubt the existence of significant concen-
trations of atomic nitrogen in the upper atmosphere, we are virtually ignor-
ant of the precise amounts of the concentrations and their distribution with
altitude. The mass—spectrometric and optical research presently available
on the neutral compusition'of the atmosphere permit us only to obtain the

upper limit of the amount of N in the range from 100 to 200 km: [N] < 107 -

108 cmf3. The theoretical computations available in the past involved
considerable uncertainty since many factors that were necessary for determining
the magnituace of [N] were unknown and sometimes strongly contradicted one
another. The existence of contradictory computations for the magnitudes

of [N] can be explained by the fact that for a long period of time no uni-
fied viewpoint existed as to the role of the various processes involved in

the formation and loss of atomic nitrogen in the upper atmosphere.

At the present time it is generally accepted that direct dissociation of
the N2 molecule under the influence ~f solar radiation

‘Ne+hw->N+N (79)

2 sec_1L and the basic

is only a slightly effective process (jN X 107t
source for the formation of N atoms in tﬁe upper atmosphere involves the

+
processes of dissociative recombination of NO and N; ions and ion-
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molecular reaction (18). Thus, the overall rate of formation of N atoms

due to the ion reactions may be written in the form

VEJ or 2V6 + Vl +' Vu

(80)
Since Processes (4) and (18) in the major part of the ionosphere are in /38
equilibrium, V4 - V18 is valid. We can therefore rewrite (80) in the form
N 2We=2 [¢] (ax0+ [NO*] + oy, [NZD)-
V/ﬁorm.zv‘+ «=2[e] (@Nno+ 3 (81)

The relative role of the two recombination terms in the right-hand side of
(81) may be different at different levels in the atmosphere. Thus, at
altitudes on the order of 300 km, where the N|

2
less than the NO+ concentrations, the rate of formation of N according to

concentration is only slightly

reaction (6) may be of the same order or even greater than according to
reaction (4). At the same time in the range 100 - 200 km, where [N ] <

10~ [NO ], the formation of N as a result of the dissociative. recombination
of N2 ions can be ignored. With these computations it is assumed that the
ratio of the constants a*NZ/aNO+ is equal to approximately 10.

In an oiygen—nitrogen mixture, which comprises the Earth's atmosphere,
an interaction between the oxygen and nitrogen particles must of necessity
take place, thus leading to the formation of "mixed" products, i.e., various
nitrogen oxides. These latter in turn by possessing a high chemical activity
will lead to the entire cycle of reactions with atomic and molecular oxygen,
atomic nitrogen, etc. This entire group of such processes is often called

the chemistry of the nitrogen—oxygen atmosphere.

Molecular nitrogen, as we know, 1s an inert gas and combines very poorly
even with oxygen. Therefore; the effective formation of oxygen-nitrogen ’
compounds and the further development of the reaction cycle involving nitric

oxides 1s possible only in those regions ot the atmosphere where atomic
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nitrogen exists that is significantly more active than the NZ' In the
atmosphere above approximately 50 = 60 km, pronounced concentrations of nitro-
gen atoms exist produced by the dissociation of N2 as a result of the

various ion reactions. Thus, above 50 - 60 km in the Earth's atmosphere,

the processes of formation of nitric oxides begin to actively function and

as a result the rapid processes involving these oxides as well. The atmos-
pheric range from 50 - 60 km up to approximately 160 km (above this level
diffusion begins to predominate over the chemical processes), where the

basic processes of the oxygen-nitrogen cycle also take place as well as the

ozone-oxygen reactions and reactions of hydrogen compounds, is often

called the "chemosphere",

The reactions which take place in a nitrogen—oxygen mixture and which
lead to the formation and annihilation of the nitric oxides, are the basic

mechanism for loss of nitrogen atoms in the atmosphere since the radiative

assoclation
N+ N- Ny -+ v,
(82)
similar tc reaction (59), has a very low effectiveness (082 N 10_20 cm3'
sec-l). Without stopping for a detailed analysis of the entire nitrogen-
oxygen reaction cycle and its effectiveness (we refer the reader to the
survey papers [15, 96]), let us look first only at the major processes in-
volved in the loss of atomic nitrogen. These are:
83
N+ NO =N+ 0,

(84)
N + 03 —» NO 4 O;.

(85)

However, since in the major part of the ionosphere the ozone concentrations

are small, process (85) makes little contribution to the N loss,and the
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conditions of photochemical equilibrium for N are written in the form

2 [e] (250 INOF] + oy, [NJ1) = [N] [O2] ctgs + [N] [NO] atgy. (86)
The author's computations made using this equation for [N] led in [15] to the
value- [N] %lO6 cm—3 for H = 100 - 160 km. This value of [N] is lower
than the limit of sensitivity of the apparatus in the optical mass-spectro- 139
metric investigations of the composition, which give a figure of [N] _5__107 -

108 cm-3’and therefore does not contradict the experimental data.

The presence of nitrogen atoms in the atmosphere, as noted above, pro-
duces the formation of nitric oxide as a result of a geries of reactions,

the major ones of which are (83) and (85).

The nitric oxide molecules forming as a result of processes (83) and

(85) will actively participate in reactions with 03 molecules and with atoms

of nitrogen and oxygen: NO -+ O — NO, + O,
(87)
NO+O0+M-—-NO.+ M, (88)
"NO 4 O — NO - hv. (89)

The NO2 molecules forming as a result of ‘reactions (87) - (89) will in

turn react with the atomic oxygen and atomic nitrogen:

0 + NOy > NO + Oq, (90

N 4 NO; — NO + NO, (oL
— N20+O, (91')
— N2+2O (91")

In the lower part of the chemosphere where ozone exists, the dissociation of

NO, will also take place as a result of the reaction

2
NO; 4 Os— NO + 20, (92)

The rate constants of the processes given above have been studied quite

well in the laboratory (see [15, 96]). Knowledge of the rates of the
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processes permits us to study their role at various levels in the atmosphere
and to obtain equilibrium equations for the concentrations of nitric

oxides.

The equations for photochemical equilibrium for [NOZ] lead to the
following relationship between the concentrations of NO and N02:

[NOs] * [O] ctss ~+:[Os] s (93)
[NO] = - [OJas

Above approximately 90 km the second term in the numerator of (93) can be
ignored because of the smallness of the magnitude of [03], and the ratio
[NOZ]/[NO] becomes independent of [0] and equal to a89/a90 X 10_4. Below
approximately 70 km the formation of NO2 is determined basically by process
(87) ; therefore [NOZ]/[NO] depends on the ratio [03]/[0] and must vary

strongly from day to night.

Study of the equilibrium conditions for [NO] leads to the equation:

[NO] _ [0?] [N] gtgs (94)
Ino +7no + [N] asq’

where INO and jNO are the coefficients of ionization and dissociation of the

NO molecule, respectively. At altitudes above approximately 85 km where [N]
exceeds 105 cm_3, process (84) becomes the basic mechanism of NO loss, and

equation (93) is transformed into the expression

[NO] = 2 [0, 93)

which indicates that [NO] comprises a small fraction of the 02 concentration,

which depends only on temperature.
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The question of the mechanisms which determine the concentrations of
nitric oxide in the atmosphere however can never be ultimately resolved.
In the recent optical experiments of Barth [97], NO concentrations were
found at an altitude of 90 km comprising 4'107 cm—3 which exceeds the values

of [NO] given by expression (5) by approximately two orders.
great significance of nitric oxide for investigating ionization in the

Because of the

lower ionosphere, this question requires the most careful investigation.
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AMBTPOLAR DIFFUSION OF ELECTRON~ION GAS AND STRATIFICATION
OF THE F REGION OF THE IONOSPHERE

V. M. Polyakov

The transfer of charged particles by diffusion and
drift is one of the most important physical processes in
the ionosphere. The transfer processes are especially
important in the F region where the free path of charged
particles and their lifetime rapidly increase as the alti-
tude increases.

The vertical distribution of electron concentration
determined by the effect of the incident diffusion flux
is very similar to that of Chapman's layer as far as its

shape is concerned.
The sources responsible for the diffusion flux are

ionization-recombination processes.

Due to the effect of the intensive sources of
electron-ionic gas, the level of photochemical equili-
brium and zero diffusion is located lower than the

maximum of the layer.
In the F region of the ionosphere, two levels exist

near which a maximum in electron density may form. If
these two levels are close to each other, then only the
F2 layer is observed, as happens in winter at middle
latitudes. In summer, \when the maximum ion production
drops down as the zenith distance of the sun decreases,
Fl and F2 layers can be observed as separate layers.

This article examines the behavior of the F region of the ionosphere
under the influence of three competing processes: ionization, neutralization
and diffusion of electron-ion gas. The relative role of these processes
differs at different levels of the F region. Even now we can speak with
confidence about the predominance of diffusion in the upper ionosphere (above
the maximum of the F2 layer), whereas the electron balance in the lower part
(at the level of the Fl1 layer) is determined basically by the ionization-

recombination processes. In the middle part, at the level of the F2 1layer,
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the time constants of the ionization-recombination processes and diffusion
are found to be of the same order. This fact does not allow us to differen-
tiate between the effectsassociated with variation of electromn concentration
due to diffusion and those associated with the ionization-recombination
processes. Therefore, near the maximum of the F2 layer, the balance of the
number of electrons is described by an equation which allows for all three
of these factors. This equation is usually written in the form
AN/ dt g — L — div (No),| 1)
where N is the electron concentration; q is the intensity of ion formationj
L is the rate of qeutralization; and v is the rate of the ordered transfer

of the electron-ion gas due to diffusion.

For the ionosphere which is uniform in the horizontal direction, we can
examine only the vertical transfers; therefore div (Nv) = 3(Nv)/3h, where

h is the altitude calculated in a linear scale from the earth's surface.

An expression for the vertical rate of diffusion of the electron-ion
gas contained in the planetary atmosphere (in the central field of gravity)
in the presence of a congtant magnetic field, was obtained by Ferraro in
Reference [1] and then discussed in detail in [2]. This expression has the

form

2o

V= —

d N
(5 + 777 ) sme 1
1

(2)

where D is the coefficient of ambipolar diffusion; Hi =\2kT/mig is the al-
titude of the uniform atmosphere for the electron-ion gas and I is the mag-
netic inclination. If the concentration of neutral gas varies according to

the law

p= e = 1) @

ho
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the coefficient of diffusion then varies with altitude according to the

formula

D = D, exp (S 1%;) “)

he

The altitude of the uniform atmosphere for the neutral gas Hm, just as
for Hi’ may also vary with altitude. It is useful to introduce into computa-
tion the ratio 6§ = Hm/Hi which, as shown in Reference [3], varies with alti-~
tude very little and may be considered constant with an accuracy that is

sufficient for further computations.

If we introduce the dimensionless coordinate

h
s={ 2
LS (5)

we can write equation (2) in the form

d
v=— (V' + 8N), (6)
where d =-Ezsin21 and N' = ﬁE.
g 9z
m

Several investigations are known in which equation (1) has been solved
for the simplest models of the ionosphere under stationary conditions [4 - 6]
and which take account of time variations [7,8]. These investigations
show that the results are very sensitive to the values of the parameters
which determine the ratés of ionization, recombination and diffusion. All
these solutions have been obtained in the form of series computed by numeri-

cal integration.

From the results obtained in such form, it is difficult to establish

the common rules determining the structure of the diffusion flux and con~
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sequently to evaluate the role of diffusion in the formation of the F2 layer
maximum. In this respect it is useful to study the simple stationary condi-
tions in the hydrodynamic aspect in which the ionization-recombination pro-
cesses are assumed to be sources of the diffusion flux. Several useful results
may be obtained by studying diffusion in the region without sources, and the

effects for weak sources of diffusion flux [3,9].

VERTICAL DISTRIBUTION OF ELECTRON-ION GAS IN THE
REGION WITHOUT SOURCES [3]

In this case =quation (1) takes the form

3P 3z =0, €))

where P = N& is the density of the diffusion flux which for the sake of
brevity we shall call simply diffusion in the following discussion. Equation

(7) with allowance for (6) is equivalent to the equation
N 48+ 1)N' 8N =0, (8)
and its solution with § = const will have the form
N=C¥ 4 Cae™?.

The constants C1 and 02 may be determined from the boundary conditionms,

With z = 0, if we assume N = 0, we obtain
Cr== o Oy,

The expression for the diffusion flux P from (6) may be written in the /44

form

P=d(N’' -+ N)!
(9)
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From (7) it follows that, in the absence of sources, under stationary

conditions the diffusion flux must be constant. One of the particular values

satisfying (7),

leads to the equation

N’ 4 8N =0,

In this case the solution to (8) assumes a simple form:

—_ ~B.
N-—_Noe zl (10)

which corresponds to the altitude distribution of the electron-ion gas on

the assumption of hydrostatic equilibrium.

The solution to equation (8) is of special interest when P = const # 0.
Such a distribution will be called quasiequilibyium. It takes place in the
ionosphere under the influence of a diffusion flux that is constant in magni-

tude and directed downward (if |[N"| < 6N). The solution in this case may be

written in the form

N=Ci(e¥ —¢ %).
1)

We can show that for any value of Cy # 0, distribution (11) has a maximum at

z=2z. In fact, from the condition

aN/8z=0

we find that

8¢ orm TEm

=e . (12)
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Since the maximal value is

Np=0C1 (e_sz”' —e 'my,

then (11) can be written in the form

Nzﬂmq)(z)' (13)

where

5
V=, (=) (14)

It is easy to see that ¢(z) = 0 when z = 0 and has a maximum when z =

z_, and when z > z it decreases monotonically. From (12) and bearing in mind

that ¢(zn) = ¢(zu9 = 1, we find

i%Y 8 by 1 z2p3
=8¢ =T—3° - (15)

If we substitute the respective values of Clle from (15) into (14), we

find ultimately for ¢(z) the expression

1 [ Me—zm) _ —~(2—2m)7]
lp(z):m[e _ — e ] (16)
or
Ny [ —S(z—2p) —(2—24)
N=1—__—6Le . — e ] ‘ (17)

The altitude of the maximum is determined from equation (15), whence it

follows that

.1 1
m=r—slny

and z is figured from the level z = 0.
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? The form of the altitude distribution, described by equation (16), is
shown on Figure 1. It is clear from the figure that this distribution in
the upper part is near a simple exponent with the index (~8z), that it has

a maximum and that below this maximum it drops rapidly, vanishing when z = 0.
Here it is useful to mention the following. In the present case of a magni-
tude-constant diffusion flux, from equation (8) which can be conveniently

rewritten in the form

we can exclude the sources and drains of the diffusion flux. Therefore
when z < 0 the quantity ¢(z) assumes negative values, which follows inescap-
ably from the equation of continuity. The region in which ¢(z) < 0 corre-

sponds to the efflux of electron-ion gas.

The conditions described by equations (9) and (18) are realized prac-
tically nowhere in the ionosphere since the ionization-recombination processes
exert an influence there constantly., However these results show that under the
influence of pure diffusion in the gravity field, the vertical distribution
of the gas may take the form of (17), which has a clearly expressed maximum.
For the formation of such a distribution we must have a diffusion current
that is directed downward which, as we shall see later on, agrees fully with

the ionospheric conditions.
We can show that the distribution, similar to the Chapman distribution,

P1(z)=exp ['[ (1 —%—G_th)] (19)

will be near the nondivergent distribution described by Formula (16) [3] for

several values of the parameters y and H.

In fact, in the upper part of the layer for sufficiently large values
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of z and h/H formulas (16) and (19) are

3
2 close to simple exponents.

r If we equate the indices of these
0 exponents we find the approximate re-
. lationship for the upper part of the

- = -'/..
! ,_.;-;;-//’ : F2 layer:
-
S = ]

h
. Figure 1, Comparison of the Se=1 -
Vertical Distribution ¢(h) for
Various § with Chapman Distri- and consequently:
bution (Broken Line). :

H='%Hm.

At the maximum of the layer, equation (18) takes the form
P (zm) +8=0, (20)

and equation (19) will be the solution to this equation when y = § and
H= Hm, which can be proved simply by direct substitution. Consequently,
the Chapman distribution, described by formula (19), is near diffusion

equilibrium when vy = 8§ and H = Hm in the entire upper part, including /46

the layer maximum,

For illustration, Figure 1 shows comparison of the distribution describ-
ed by formulas (16) and (19). The curves ¢(z) are shown computed from
formula (16) for three values of §. The broken curve was plotted from
formula (19) when y/§ = 1 and 6§ = 0.4. It is clear from the graph that the
broken curve is very near the solid one near the maximum in the upper part
of the layer also. Pronounced divergences are observed only in the lower
part when z < -1, i.e., where the diffusion ceases to be controlled by the

spatial distribution of the electron-ion gas and where comparison of formulas

(16) and (19) is of no interest.
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PRI S——

STATIONARY DISTRIBUTION UNDER THE WEAK
INFLUENCE OF SOURCES [9]

The vertical distribution of the electron concentration, which is

determined by the joint effect of diffusion and ionization- recombination
processes, will be described by the equation

N @+ )N 8N = (LN, 5)— p (3)]. (21)

In equation (21), L is a function of N. If this function is linear,
then (21) is reduced to the Bessel equation and its solution, with the assign-
ment of parameters which determine the rates of lonization, neutralization

and diffusion, may be obtained by numerical integration (see, for example,
[4, 6]). The solution to (29) [sic] has mnot been analytically studied for a

more complex dependence.

Let us look at the approximate solution to equation (21) for the case
when the intensity of the diffusion flux sources is low. Under these condi-
tions the function ¢(z) will be only slightly distorted and in the region
under study will have, as previously, one maximum. Then equation (21), on

the basis of (13), can be rewritten:

1
9+ @+ DO + 80 =5 [L (P2 — g ()] =x(2), (22)

where k(z) is the form~factor which determines the intensity of the sources.
The form-factor k is also a function of ¢. However for weak sources this
dependence can be ignored. Then, if we assume k(z) to be a known function
of the coordinate z and if we ignore the dependence of x on ¢, we can write

the solution tc equation (21) in the form,
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S" (z) S7dz — ¢z ix (2) %dz ]"

c

e 1 -
wd=a;“+a;quik‘

Let us assume, as previously, the lower boundary equation to be ¢ = 0
when z = 0. Let us add the condition that x(z) = 0 when z < 0. To avoid
complicating computation of the integration constants, let us take the lower

bound\ ¢ = ==, Then when z < 0 the values of the integrals in the brackets
vanish and as before

whence

==t Lot {aeti et (o genar. (24)

—00 .

Let us look only at the weak deviations from photochemical equilibrium
which apparently are fully allowable for the F region of the ionosphere. In
this case distribution (24) differs very little from the distribution which
is established when k(z) = 0. 1If the vertical distribution ¢$(z) when z > 0

is a slowly Qarying function having a maximum when z = Z then at the maxi-
mum

P (zm) =‘

(25)

and

(26)

Conditionallys(25) gives
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-8z, c 1 i Bz -z 14 zm.
[ 1+ 1—6 S %(z)e dz|—¢ "'[Cl‘*‘I?a' S x(z)e’dz]=l. 27
—00 .

—o0

Let us introduce the definitions

Zm L . B R
S % () edz = A (2m) S % (2) ez = A ()3
S %(z) %z =B (zp); S}c(z)e"dz::B(z):'
—00 ) —00 ’ R -

From (26) it follows that

o [0t g B o] = [cl+‘l ;A(zmﬂ (28)

whence

' 1 % .
o=y [ — 4] = =5 "= B em]- (29)

From (29) we find the equation

‘z 3z,

Se™ —e m=A(zm);_-B(zm): (30)

which determines the coordinate of the maximum of the z layer for a

given function k(z).

After substituting the respective value of the constant ql from (29)
into solution (24), we get

1 z . ' 2,
) = g 14 B () — B ()l — T g [0+ A Q) — Al
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@ (s) = g 16T — g + (B () — B (smll — ¢ [A(5)— Al

Then, since

B(s)— Biem)= { () ds.

and

’.
A@R)— A@m)={ #()e ds,

Zyy o

we can write the solution in the form 148

[ s . e z ) -
L e A S N g PO R (31)
. . . e Zh S B - )

o

The last terms in formula) (31) are determined by the form of function
k(z). Generalized concepts as to the character of this function can be
obtained from the altitude variation in the rate of ion formation q(z) and
neutralization L(z). We know that above the maximum of ion formation, L(z)
drops more rapidly than q(z). Therefore two cases are possible: either in
the entire region under study q(z) > L(z) or in this region there is a level
where q = L. 1In the first case the stationary state is possible only under
the condition that the lonization surplus is continually being removed due
to diffusion downward and the maximum of the electron concentration must be

created near the maximum of ion formation.

In the second case there exists a level at the altitude zZ, where q = L
and (zo) = 0. Let us call this level the level of photochemical equilibrium.

In this case k(z) will be a slowly varying function that is negative when
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z > 4 positive when z < z and will

vanish when z = zZe Let us take ad-
vantage of this property of the func-
tion x(z) in solving (31). At the maxi-
mum ¢(z), the values of the function ¢
and its derivative ¢', determined from
formulas (16) and (31) coinciauec.

When z = z, the values of ¢" will also

4¢ 45, coinicide. Thus, at the point z,

both equations (18) and (22) iuemselves

Figure 2. Graph of the Function
T(U), Computed by Bowhill. The and their solutions (16) and (31) will

Broken Line Shows the Conditions also coincide. Hence it follows
of Photochemical Equilibrium.
that the maxima of the electron con-

centration are found near the level of

photochemical equilibrium.

Bowhill [6] found the solution to equation (1) for stationary conditions.
He chose fairly plausible values for the rate of the ionization-recom-
bination processes and for diffusion. The result of the computations is
shown on Figure 2. The values of the functions T(U) are plotted along the
horizontal axis and the logarithm of the dimensionless coordinate U(log U)
is plotted along the vertical. The solid curve T(U) changes into a broken
curve in the upper part, representing pure diffusion. The broken line shows
the position of the photochemical equilibrium level when diffusion can be
ignored. This line (the condition q = L) lies above the curve T(U), inter-
secting it near the maximum, but somewhat below it. This result indicates
that with sufficiently intense sources the level of photochemical equili-
brium lies slightly below the maximum of the layer. Computations show that

the distance between these levels increases with increase in source intensity.

Consequently, the effect of the sources in a real daytime ionosphere

leads to surplus ionization in the upper part of the F2 layer, which produces

the phenomenon of diffusion flux. This flux transports the surplus ioniza- /49
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tion from the upper part of the layer to the lower in such a manner that near

the maximum of the layer the divergence of} the flux changes sign and is there-

fore equal to zero.

NONSTATIONARY MODEL OF THE F2 LAYER

Under nonstationary conditions the equation of continuity for the electron

gas can be written in the form

N :
3 =00V (s, ) —a [M*)N + J[N* + (6 + ) N' +8N]), (32)

where the concentration of molecular ions [M+] is determined by the equation
[10]:

(MY
dt =

T IM](N — [M*])—a [M*] N.
[M1(N — (M) —a [M* 33

Solution to the system of equations (32) and (33) requires knowledge of
the kinetic coefficients o and y (dimensionality ——-cm3'sec—1), qo(cm-3) and
structural parameters of the atmosphere Hm = Hm(h) [M] = f(h). Since these
coefficients are unknown even in order of magnitude and since the solution
is very sensitive to their values, there then remains the means of selecting
these coefficients by one of the methods of trial-and-error. Since we do
not have available a solution to this system in analytical form, the method
of trial-and-error may give a sensible result only in the case where a rational

method is found for obtaining a first approximation with a high degree of

accuracy.

The method used is based on the fact that the kinetic coefficients are
determined in this approximation for the layer maximum without allowing for

diffusion.

It was shown earlier that with a weak effect from the sources of the
diffusion flux the maximum of the diffusion layer (F2 layer) is found near

the level of photochemical equilibrium. It is clear that the nearer the
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maximum of the layer is to the level of photochemical equilibrium the less the
diffusion will affect electron concentration at the layer maximum, At the
limit, when the maximum coincides with the level of photochemical equilibrium,

the divergence in the diffusion flux at the layer maximum will be equal to
zero.

During the winter at middle latitudes when the altitude of the sun over
the horizon is low, the maximum of the F2 layer {must be near the level of
photochemical equilibrium, Therefore we can assume that variations in elec-—
tron concentration during the day in winter are distorted least by the effect
of diffusion and that these variations may be used for determining the kinetic
coefficients.

Under the presumed assumption equation (32) is simplified and can be

written in the form

dN
— =qm 1y — Mt N,
@ = Im¥(t) —a[M7] (34)

where . is the rate of formation at the layer maximum.

Equations (33) and (34) were modeled and investigated on an analog
electronic computer (MN-7). The parameters o, Y and q, were chosen so
that the periodic solution N(t) coincided best with the observed values of
electron concentration in the entire time interval being studied. For this
we used the diurnal variations in electron concentration at the maximum of

the F2 layer obtained from ionospheric measurements.

Reference [10] describes in detail the technique used in determining the
coefficients and the models used and the methods for computing the function
¥ (t). Variations in the atmospheric parameters were computed according to 4350
[12]. The values of a, vy and qm found in this manner were used for further
computations. The complete system of equations (32) and (33) was solved by

a numerical method on a digital electronic computer. At the first stage of
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the computations we assumed several simplifications. The atmospheric para-

meters in this operation were assumed to be constant for a period of twenty-

four hours and were selected for the index of radio emission S = 250 and

1000 hours local time. A Chapman-type function Vi(h, t) was taken in the form
280—h

280—h - sec —
q’(hv‘)=°xP(i"‘ H - secqu‘ e E. )’

wﬁere we used the values of the zenith angle X! for December at the latitude
of Irkutsk (xb are noon values). The altitude of the maximum of ion forma-

tion is equal to 280 km. In the computations we took the following values:

DO = 4,6 ° 109 cm2 sec'_l y=4"* 10 cm3 sec—l

3

a =1.1-" 10'_9 cm'sec_l i 99 = 540 - 700 cm_3 . sec"l

We studied especially the question as to the influence of the boundary
conditions on the solution near the maximum of the layer. The lower boundary
conditions were the values N = 0 at an altitude of 100 km over the surface of
the Earth. The upper boundary condition was given at an altitude of 700 km.
In the first series of compytations this value was chosen as constant and
equal to 105 cm-3. In the second series of computations the values of N
varied as shown in Reference [11] according to the measurement data on the
satellite "Alouette" for latitudes of 40 - 45  in October - December 1962.
With respect to the fact that the conditions of maximal solar activity were
modeled with the index of radio emission S = 250, and the data pertain to

the index S'= 70 ~ 100, the values of N then were increased by three times.

The computation results were obtained in the form of a sequence of
solutions with diurnal periodicity at various levels in the space coordinate
h. The values N(h, t); (M+) = f(h, t); q(h, t); L(h, t) and the value of
diffusion 3(Nv)/3h = ¢(h,t) were introduced into the recording at hourly
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Figure 3., Diurnal Variations in Figure 4. Profiles of the Vertical
N and [M ] at the Maximum of Ver- Distribution of N(h) and [M ] = £(h)
tical Distribution. The Broken for 0100, 0700, 1400 and 1700 Hours
Line Shows the Values of N at Local Time. ’

Irkutsk in December 1968.

intervals for the 21st and 41st values of the altitude coordinate h. Several

results of the computations are shown below.

Figure- 3 shows the diurnal variations in electron concentration and con-
centration of molecular ions at the maximum of the vertical distribution with

variable upper boundary conditions.

Figure 4 shows the profiles of the vertical distribution N(h) and [M&] =
f(h) for 0100, 0700, 1400 and 1700 hours local time for variable boundary

conditions.

Figure 5 shows the variations in altitude of the maxima of the electron

and molecular ion concentration for variable boundary conditionms.

From comparison of the results obtained for constant énd variable boun-
dary conditions it follows that the values of N at the maximum during day-
light hours depend weakly on the boundary conditions. A pronounced differ-

ence is observed in the second half of the night and in the pre-morning hours.

Figure 6 shows the variations in the magnitude of the diffusion flux
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along the vertical under variable boundary conditions. In all cases it is
clear that the diffusion has large negative values above the maximum,

high positive values below it and changes sign near the maximum, passing

through zero.

It is characteristic that an intense influx of electron-ion gas is
observed at levels on the order of (1 - 2) H.m below the layer maximum. The
maximum concentration of molecular ions lies near this level and ensures
a high rate of eléctron recombination. Consequently the surplus concentration
of electron-ion gas in the upper part of the layer "dips'" downward and rapid-
ly disappears by recombination. It is significant to mention that the recom-
bination rate in this region, which depends on the concentration of M+, is
controlled by the influx of electrons,and the maximum cf the electron con-
centration is automatically established at an altitude with the corresponding

value of the molecular component of the neutral atmosphere.

Figure 3 shows also (the broken line) the observed values of N at the
maximum of the F2 layer in December 1958 in Irkutsk. As is clear, the curves
differ only in the morning and evening hours. This difference is explained
by the fact that the Chapman function of ion formation is used in the com-

putations and this becomes non-zero almost an hour later and vanishes earlier
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than the more precise function which
ﬂm\ allows for diurnal variations in den-
sity of the neutral atmosphere and for
40
0 the sphericity of the Earth.
200
Y A We especially studied the solution
% 7
w*z 5wtz 502 of the system of equatioms (32) and
Figure 7. Vertical Distribution of (33) without a diffusion term. In
the Concentration of Electrons and
Molecular Tons Without Allowing this case the altitude of the layer
for Diffusion. maximum and the values of the electron

concentration at the maximum were
measured throughout the entire time of the solution (in the present case two
twenty-four hour periods) in such a manner that we were unable to obtain
periodic stationary values of N and the altitude of the layer maximum. Figure
7 shows the vertical distribution N(h) and [M+] = t(h) for noon of the second
day. This result shows the impossibility of forming a layer maximum, similar /52

to that observed without diffusion of the electron-ion gas.

At the next stage we solved system (32) and (33) for the F region with
varying atmospheric parameters taken from [12] for S = 250 and with various
boundary conditions for h = 700 km. For this solution the space lattice was

uniform with an interval of 20 km.

The function of ion formation ¥ (h, t) was computed with regard to the
sphericity of the Earth for levels 200, 300, 400, 500, 600, 700 kmj q, was
given at noon at an altitude of 300 km. In the intermediate levels the rate

of ion formation was found by linear interpolation.

In the first solution we assumed zero initial conditions in the entire
region under study. The problem was solved up to finding a periodic station-
ary solution. In using the model of the neutral atmosphere [12] and the

above-mentioned parameters the values of the electron concentration were

83



\ p

z [

R N | !
08 12 16 20 00 0% 08 12¢ 08 12 16 20 00 0% OF U

Figure 8. Diurnal Variations in Electron Concentration at the Layer
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Equilibrium.

The Solid Curve Shows the Results of Computations, The Broken Curve
Shows the Observed Values in December 1958 in Irkutsk; 1. Level of
Zero Diffusion; 2. Level of Photochemical Equilibrium.

¢ established for the first six hours after the ionization function becomes

effective. In subsequent solutions the initial conditions were taken from

the results of the previous ones.

Figure 8a gives the results of solving the system of equations when
qé = 540 cm—3 with the upper boundary conditions taken from [11] and in-
creased by two times for all hours. The solid curves are the results:
of the solution and the broken curves are those of the observed values. In
the upper part of the figure curve 1 shows the variable altitudes of the
level of zero diffusion and curve 2 shows the variation in the level of
photochemical equilibrium. The lower part shows the diurnal variations in

electron concentration at the maximum.
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Figure 8b shows the results of the solution for the case when q, =
630 t':m'-3 and the boundary conditions in comparison with Figure 83 increased
by two times. From comparison of Figure 8a and 8b it 1s clear that the
increase in boundary conditions by two times barely changes the electron
concentration at the maximum duriing the day. Let us mention that
the solution, when 9 = 540 (:m--3 and boundary conditions corresponding to
the case of Figure 8b leads to noon values of N near those observed. If we
compare the nighttime values of the electron concentration on Figure 8a and
8 b we see that they differ from one another by approximately two times. It
is also apparent that during the night the altitude of the maximum observed
is greater than that computed. In connection with this we made computations
for the atmospheric model in which the parameters varied during the day
according to [12] and during the night remained constant for values corres-
ponding to 1700 hours local mean time of the model in [12]. The results for

this case are shown by the curve on Figure 8b (crosses).

To verify the influence of the upper boundary conditions we additionally
obtained solutions for boundary conditions of N increased by 10 times in
comparison with those used in [11] and also for the case when the flux P at
the upper boundary is equal to zero. From the data obtained it follows that
the value of the electron concentration at the layer maximum during the night
is controlled by the boundary conditions, whereas during the day the sources /53
of the diffusion flux are found basically below the upper boundary (700 km).

We also found that the change in electron concentration at the maximum lags
behind the corresponding variations at the upper boundary by approximately
1.5 - 2 hours.

The behavior of the level of zero diffusion is of interest, i.e. the
level where (h) = 0 (curve 1, Figure 8). During the day the level of the
zero diffusion is found to be 20 - 40 km below the maximum of the electron
concentration but during the morning and evening hours it coincides with the
layer maximum or is above it. During the night there is diffusion flux

.on all levels.

85



The altitude of the level of photochemical equilibrium q = L during the
day undergoes large variations. It is obvious from Figure 8 (curve 2) that
sometimes conditions are created under which the level of photochemical equili~-
brium ceases to exist. At all altitudes of the region studied in this case,
q > L, When the ilonization function is excluded, the level of the
. photochemical equilibrium travels upward and during the night, naturally,,

disappears. From comparison of the curves it is apparent that the level of
photochemical equilibrium leads to a drift of the layer maximum. Only at the
moment of time when dN/dt = 0 does the level of photochemical equilibrium
coincide with the level of zero diffusion and is found to be approximately
20 km below the layer maximum.

FORMATION CONDITIONS OF THE F2 LAYER

The altitude profile of the F2 layer is formed under the influence of
electron-ion gas diffusion. The diffusion flux at all levels of the layer is
directed upwards from below. The sources of this flux are the regions which
lie above the layer maximum. Investigations of the divergence of the diffu-
sion flux show that the region of the efflux, where the diffusion flux dis-
appears, is the region lying at 1 - 2 times the altitude of the uniform atmosi~ /54
phere below the layer maximum. Near the maximum of the equilibrium layer the
divergence of the diffusion flux changes sign and therefore is near zero.

Thus, the diffusion continuously transports the electron-ion gas from the

upper part of the layer to the lower.

Under the influence of photoionization and recombination in the illu-
minated part of the day a tendency constantly exists to an increase in the
electron concentration above the layer maximum. This tendency leads to a
constant deviation of the altitude distribution of the electron concentration
from the equilibrium value and continuously supports the existence of diffusion
flux. Thus, in the altitude profile of the F2 layer we must distinguish
two regions. In the first we have the upper part of the layer including the
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maximum of electron density as well. The second contains the lower part of
the layer and is found in the altitude range of (1 - 2)Hm below the layer

maximum.

In the first region we find the sources of the diffusion flux. Relative~
ly high values of the coefficient of diffusion lead to a spatial distribu-
tion of the electron concentration in this region which deviates very little from
the state of diffusion equilibrium. Therefore in a quiet ionosphere there
are no intense local sources of the diffusion flux and this flux is formed in
a wide altitude range above the maximum of the layer; each level introduces

a given contribution to the creation of this flux.

The situation in the lower part of the layer is different. Here in a
small altitude range the diffusion flux practically ceases to exist. This
region is a reservoir to which the surplus ionization drains from the upper
part of the layer. Under stationary conditions a dynamic equilibrium is
established which guarantees the existence of a constant diffusion flux. The
layer maximum is formed near the level of photochemical equilibrium where
q = L. The altitude of this level varies during daylight and
the altituae of the ¥2 layer maximum also varies correspondingly.

The iucrease in q causes a lowering of this level, and a decrease in q
causes it to be raised. This feature appears distinctly in the behavior of
the F2 layer both during regular variations in the quiet ionosphere and
during ionospheric perturbations. an increase in the altitude of the layer
maximum is usually associated with a decrease in electron concentration

and vice versa.

1f there were no electron-ion gas. an increase would be observed
for the greater part of the day in the electron concentration with a
simultaneous increase in the altitude of the layer maximum. A similar picture.
in somewhat distorted form, is observed near the magnetic equator. In the
hypothetical case described, an increase in the altitude of the layer maxi-

mum must be accompanied by an increase in electron concentration. Usually
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this decrease in electron concentration, observed at the middle latitudes
with an increase in the altitude of the layer maximum and vice versa, is an

indication of the diffusion mechanisr in formation of the layer maximum.

Elevation of the diffusion layer is produced by a predominance of
neutralization over photoionization near its maximum since the rate of
neutralization drops with altitude more rapidly than does the rate of photo-
ionization.  Under these conditions the lower part of the layer is disrupted,
producing the effect of moving the maximum upward. Here the electron concen-

tration in the layer maximum must unavoidably be decreased, which in fact is

observed.

The opposite picture must exist when the layer is lowered. Here photo-
ionization predominates over recombination at the layer maximum. The devia-
tion from diffusion equilibrium above the layer maximum is increased as is
the diffusion influx, and the electron concentration maximum is lowered.
Since in this case the influx of electrons increases the concentration at
the lower levels, the lowering of the altitude of the layer maximum is

accompanied by an increase in concentration.

Let us go on to describe several details of the diurnal variations in
electron concentration at the maximum of the F2 layer in the middle latitudes.
During the winter and equinox seasons when ionizing radiation becomes
effective, the number of molecular ions at the levels under study is small.
The atomic oxygen ions which appear as a result of photoionization recombine
slowly. Some time is required in order for these ions to be conwerted into

molecular ions as a result of ion-molecular reactions.

The constant of this process is t = 1/y [M]. This value grows rapidly
with altitude. If we assume y = 4'10-13 cm3-sec-l, and [M] at the F2 layer
maximum is on the order of 5-108 cm_3, then at this level T # 1 - 1.5 hours,

and at an altitude ot Hm above the maximum < already amounts to several hours.
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Therefore at the level of the maximum a rapid growth takes place in the elec-
tron concentration. This growth leads to an accumulation of electron concen-
tration especially since during the morning the maximum of ion formation may
also be found above the layer maximum for some time. The rapid increase in
electron concentration at the upper levels sharply disturbs the stationary
diffusion equilibrium at the end of the night and produces an acceleration

of the diffusion flux which transports the electron-ion gas to the lower
levels. It was mentioned above that in winter shortly after sunrise on the
surface of the Earth, the level of the layer maximum drops by 30 - 40 km
below the stable diurnal level and then slowly approaches this level near

noomn.

In the morning the value of y[M+] assumes the least value, on the order
of 10_5-sec-1. The quantity k(z)-d, which determines the magnitude of the
diffusion, may also be of the same order or even greater during this time.
Therefore during the early morning hours diffusion may fully compensate for
recombination or even predominate over it. As a result the effective co-
efficient of recombination, which describes the total effect of neutralization
and diffusion, is found to be in the morning hours of winter not only near
zero but sometimes even negative, thus indicating the predominance of diffu-

sion over neutralization.

A gradual approach to more or less stationary conditions then takes
place. The maximum of the F2 layer occupies a stable position, which is
determined by the dynamic equilibrium between ionization-recombination
processes and diftfusion. Further variation in electron concentration

is controlled by photoionization and recombination.

At the moment of sunset when the maximum of ion formation shifts
to the upper levels, it is again possible to have an increase in the diffu-
sion flux which is accelerated by rapid cooling of electrons in spite of
the masking effect of recombination processes. This effect may be

detected if we examine the evening drop in electron concentration at a
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constant level near the level of the maximal concentration during daylight
hours. On all curves of this type the electron concentration from the time
when ionizing radiation becomes effective and extending over a period of
several hours drops almost linearly rather than exponentially as would be
expected. This type of decline indicates an influx of electron-ion gas to the
levels under study. This influx gradually weakens and then the linear drop

changes to an exponential one.

In the evening following sunset the F2 layer for a period of several
hours maintains its altitude in spite of intense neutralization. The
rapid cooling of electrons, as shown in Reference [13], produces a disruption

in the diffusion equilibrium.

The intense diffusion inhibits any increase in altitude of the layer
during the first hours following cessation of photoionization. This increase
begins somewhat later and continues during the first half of the night until
neutralization at the level of the layer maximum no longer predominates over
diffusion. Usually in the middle latitudes this sets in after midnight.

In the first half of the night when recombination predominates over diffusion,

the layer maximum is elevated. This elevation usually ends by 0000 - 0200 /56
hours local time when equilibrium sets in between recombination and diffusion.

By this time the decrease in electron concentration at the layer maximum is

also usually ended. After a certain "plateau' on the variation curve of the
maximum altitude, under the effect of diffusion, the layer begins to be

lowered and this lowering continues until sunrise.

Throughout the entire night the electron concentration at the maximum is
maintained by diffusion of the electron~ion gas from upper regions of the
ionosphere and the protonosphere which are reservoirs that hold the observed
concentrations in the layer maximum. This is confirmed by the diurnal var-
iations in electron concentration observed at altitudes on the order of 600 -
1000 km. For example, at an altitude of 800 km the electron concentration is

decreased approximately by two times after 5 — 6 hours [11l]. At these alti-
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tudes only radiative recombination should exert any influence with a rate
coefficient of a, = 10—12 cm3'sec_1. With such a low rate of recombinationw
about 103 hours are required for these variations in electron concentration.
From these evaluatioﬁs it is clear that an efflux of charged particles must
take place from the upper ionosphere to the lower levels. During the night

a gradual decrease takes place in the recombination rate that is associated
with the decrease in electron concentration of molecular ions. With a stable

diffusion flux, there will be a reduction in the level at which the influx due
to diffusion is compensated for by neutralization.

Similar conditions are observed during the second half of the winter night
at the middle latitudes when the layer drops slowly with an almost constant
electron concentration at the maximum. The neutralization is compensated by

the diffusion influx of electrons from the upper part of the layer.

Study of the kinetics of recombination processes shows that the value
of the coefficient B (with linear approximation of the recombination term)
undergoes a strong change during the course of the day, the mean values and
the amplitude of the variations depending on the concentration of molecular
components of the neutral gas. This property of the recombination term helps
to explain several characteristics of the observed pattern of diurnal
variations in electron density at the F2 layer maximum. The effect of this
mechanism involves the fact that the shape and the amplitude of the variation
in electron concentration during daylight hours depend on two factors: on
the initial value of the concentration of molecular ions in the atmos-
phere (until the moment of sunrise) and on the concentration of the molecular
component of the neutral gas. The initial conditions affect the rate
of the morning increase in electron concentration, while the concentration
of molecular gases determines the amplitude (noon) values of the recombinaf

tion coefficient.

The recombination rate during the morning hours is determined by the

residual concentration of molecular ions which is maintained at the level to
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which the layer maximum descends by sunrise under the effect of diffusion.
Since the maximum electron density at middle and low latitudes is at the lowest

altitude, in the morning hours, we are dealing with a level
which lies considerably below the altitude of the maximum of the nocturnal

layer. From the data on the N(h)-profile we know that the electron concen-
tration (and consequently the concentration of molecular ions as well) at
this level is found to be very low by the end of the night, and its values
will depend on the duration of the nighttime hours. Therefore the initial
morning values of the recombination coefficient B depend, in addition to

other causes, also on the duration of the night.

The described picture is valid also during the equinox seasons with a

slightly slower morning increase in electron concentration.

Summer conditions are characterized by a high concentration of molec~
ular ions during the entire twenty-four hour period. This explains the slow
growth in electron concentration in the morning and the small variations /57
during the course of the day. In summer the maximum of ion formation drops
at noon considerably below the layer maximum. Above the F2 layer maximum in
summer the atmosphere is irradiated by the sun for the greater part of the
day and at higher latitudes throughout the entire twenty-four hour period.
Therefore in summer an intense diffusion flux exists continuously and tue
value of the diffusion at the maximum is a negative one. The basic mass of
electron-ion gas which makes up the F2 layer is neutralized below the maximum,
where the recombination rate is significantly higher. Where during the winter
such conditions exist for a few hours around noon, in summer the
steady state predominates for the greater part of the day. ‘The lack
of experimental data on the differences in composition of the summer and the
winter atmosphere precludes any quantitative evaluations at the
present time. However the factors given above are sufficient to
explain two characteristic featufes of -the summer picture, low
values of electron concentration at the maximum of the F2 layer and

small variations during the course of a day.

92



© ot erssmmmgmees

CONCLUSIONS

1. A vertical distribution of the electron-ion gas concentration is
established in the atmosphere under the influence of the central field of

gravity with a stationary diffusion flux. This distribution has one maximum 58

that is similar in form to the simple Chapman layer and is stable under

steady-state conditioms.

This steady state is disturbed by ionization-recombination processes.
When the influence of the electron-~ion gas sources is weak, the maximum of
the stationary distribution tends to the level of photochemical equilibrium,

where q = L.

Under these conditions the divergence of the diffusion flux is negative
above the maximum and positive below the maximum; it changes sign
near the layer maximum, passing through zero (the region of zero diffusion).
The diffusion transports the surplus concentration from the upper part of the
layer to the lower, exerting no pronounced influence on the overall balance

of electron-ion gas near the layer maximum.

2. Under the influence of intense electron-ion gas sources the
level of photochemical equilibrium and zero diffusion is found below the
layer maximum., In this case the diffusion at the layer maximum is mnegative.
The efflux of electrons from the layer maximum is proportional to the
electron concentration. The coefficient of proportionality (form—factor of
the layer) depends on the intensity of the ionization-recombination pro-

cesses.

3. 1In the F region of the ionosphere tnere exist two levels near
which electron density maxima can form. The upper level coincides with
the level of pnotochemical equilibrium. Near this level a basic (main)
maximum of the electron density is formed — the F2 layer. This maximum

is formed in the incident flux of electron-ion gas and is maintained by
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sources located above the maximum. A lower maximum, identifiable with tne
Fl layer, is found near the greatest intensity of ion formation and there-
fore its behavior is similar to that of a simple 1layer. If these two
levels are close, a single layer, the F2 layer, is observed, as happens
during the winter at middle latitudes. In summer, when the maximum of ion
formation descends with a decrease in the solar zenith distance, the F2

and Fl layers are observed separately.
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AFRONOMIC PROBLEMS ARISING IN THE INTERPRETATION OF ELECTRON
DENSITY PROFILES IN THE F REGION

J. Taubenheim

In the F region the balance equation for electron
density, including ionization, electron losses and trans-
fer of charged particles, is mainly dependent omn the balance
of positive ions of atomic oxygen which are produced by
photoionization, and are converted to OﬂTand Not by the
charge exchange occurring before recombination. An ex-
planation is given for the meaning of individual terms
of this equation. Experimental laboratory and ionos-
pheric investigations give quantitative estimates for
ionization and electron losses. If these data are intro-
duced into the balance equation and compared to the pro-
files of the electron density found by means of ionos-
pheric spunding at middle latitudes, then considerable
vertical movements of the ionospheric plasma in the F
region must be assumed. These vertical movements vary
during the day and especially during a solar eclipse.
Diffusion alone is not sufficient to explain these
phenomena.

The purpose of the theory is to physically explain not only the indivi-
dual properties of electron density in the F region, but its behavior as a
whole. It is very complicated to interpret the critical frequencies of the
F2 layer since the formation of the electron concentration maximum depends
on the interaction of many factors and the altitude of this maximum is not
constant. Therefore it is difficult to properly evaluate the varia-
tions in aerodynamic conditions at the maximum of the F region. It is more
convenient to first examine the variations in electron density at a constant
altitude. Then explaining the behavior of the layer maximum is only a

secondary step.

Let us look at the problem of the theoretical interpretation of the
electron density profiles in the lower part of the F region obtained by
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analyzing ionograms. At the present time there are already a number of

vertical profiles for the electron density. For daylight hours these pro-

files represent data for the range of altitudes from approximately 160 to 250 km.

The aeronomic conditions in this range seem to be especially complex. Let
us discuss several of the problems which in my opinion have decisive signifi-

cance for interpreting the profiles of electron density.

The bases of the F region theory have already been discussed in detail
in the articles of A, D. Danilov and V. M. Polyakov(l)

lectures of G. S. Ivanov-~Kholodnyy given at the International Summer

as well as in the

School of Physics of the Upper Ionosphere (Sochi, 1966). Here it is shown
that the greatest problems are concerned with determining the values of the
coefficients of chemical reactions in the ionosphere and with explaining how
great is the influence of the processes of electron transport. If we con-
sider only diffusion as the transport process, then the observed variations

in electron density can be explained only by selecting those values for the
coefficients of the reactions which are significantly smaller than the labora-
tory data. On the other hand, if we wish to utilize the laboratory data, we
must assume a strong vertical transport which can never be explained by
diffusion [1 - 3].

The F region theory is usually verified by computing the theoretical pro-
files of the electron density by solving the equation of balance and com-
paring the results with the experimental data on variations in the electron
density. We shall proceed along a different path, i.e. we shall consider
both aeronomic and experimental data in the equation of balance in order to
determine where the contradictions between theory and experimental data

appear.

® See the present collection, pp. ii - 61 and 62 - 95.
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EQUATION OF ELECTRON BALANCE

The equation of electron balance in the ionosphere

(¢H)

(where Q is the photionization rate, L 1s the electron loss rate and D is
the transport velocity) can be feasibly transformed into such a form that
would be suitable for comparing the aeronomic and ionospheric data. Atomic
(0) and molecular oxygen (02) and molecular nitrogen (NZ) are the éomponents
of the air which are ionized in the F region. Then the overall photoioniza-

tion rate Q is equal to

e =3 TR .
Ben > sec” Fom 2(0) Lo 3 4Nl (2)

Ions of 0+, 0; and N; are found here in the atmosphere. The 0+-ions

may be converted into molecular ions as a result of the reactions
S5 Oy 00 (coefficient v,),
0%+ N; o NO* + N (coefficient v,).

The molecular ions dissociate:

"oy +g;0‘+0‘;1 (coefficient o;z) ,
L NO¥.- ..,N*-jzohl\ (coefficient a3) ,
. N: -F‘-'N_' F (coefficient a,).

The direct recombination rate of atomic 0+ ions is so small in compari-
son with the ion molecular reactions that it can be ignored. The loss rate
L in the equation of balance therefore is determined by the total electron

recombination rate with various types of positive molecular ions.
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This expression can be transformed by using the equation of balance of

various positive ions. According to Ratcliffe, we can assume that photo-

chemical equilibrium predominates for the positive ions and their transport

can be ignored. Therefore the equations of balance for 0+, NO+ and N+ can

be written in simplified form:

L={cs [Uzl +as[NO™] + _al [N;D:[elv

2(05) 4+7210:] [0*] ='22[O; 1[e],

7 [N2} [07] = a2 [NO*] fe],

¢ (No)=ata[N;} [e]},

The sum of the right-hand sides of the last three equations is

equal

to the expression given above for the loss rate L. In the same way L can

be written in the form

L= {¥2[0s] 4 7a [N:]} [0%] + ¢ (0s) + ¢ (Na.

(3)

(4)

(5)

(6)

€))

If this expression is substituted into the equation of electron balance

(1) we then find the simple equation:

\1 aa‘f L o (0 — 13 (051 + 1o 1N (01— div ([el, ).

Finally if we denote the expression in brackets by B'
87 = vz [0}~ To(INSE

and introduce the notation

(8)

9)
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p=[0"fe},

(10)
for the density ratio of O+ ions to electrons, then for the equation of
electron balance we find

Bl _ . :
ot~ —9(0)—p’ ple} —div ([e],). (11)

In the same way, the variation in electron density is determined by three

terms: (a) photoionization of atomic oxygen; (b) a loss term which con-

tains the coefficient B' that depends on the model of the neutral composition

of the atmosphere and on the coefficient p which characterizes the ion composi-

tion of the atmosphere; and (c) term which describes a electron trans-

port.

If we solve the equations of balance (4), (5), (6) relative to the con-

centrations of molecular ions and substitute these concentrations in the

condition of quasineutrality

[e] =10*] + [0;] + [NO*] + [N}], (12)

we find

_[iom 10 v (N 2(0)_ . q(Ny)
[91—-{1'1' oz [e] + as [e] }[0"‘]"‘ a3 [:] -+ a‘[:}

Hence we find the expression for the coefficient p, i.e., the ratio of 0+—

ion concentration to electron concentration:

7(0s) g (Ns)

sl T e
p= {4 PO N . (13)
as [e] as[e]

We see that the ion composition at fixed altitudes of the F region is

not constant since it depends on the electron concentrations and on
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the variable densities of the neutral components and on the temperature de-
pendence of the coefficients y. Rough evaluation of the terms in the numera-
tor of expression (13) shows that both values q(0, )/a [e] and Q(Nz)/

4[e] are less than unity. Therefore with no great error the coefficient P

may be written in the following form:

é \—
p=(i+'—[e']") . (13')
where
8= [Os] + o [Ni]. (14)

EXPERIMENTAL DATA

Photoionization. Hinteregger, Hall and Schmidtke [4] gave a considerable

amount of reliable data relative to photoionization under conditions of low
solar activity. The atmospheric model which these authors used corresponds
approximately to the model proposed by Harris and Priester [5]. The values
of the ionization rate computed by G. S. Ivanov-Kholodnyy [6] on the basis
of the model from [5] agree very well with the data of these authors in the
F region. Unfortunately the solar radiation fluxes during high solar
activity are as yet known quite imprecisely. Therefore we shall confine

ourselves to examining the conditions of low solar activity.

Ton Composition. The ion composition of the upper atmosphere has been

known for some time from numerous direct measurements using mass-spectro-
meters on rockets and satellites. All these data can be found, for example,
in the work of G. S. Ivanov-Kholodnyy and A. D. Danilov [7]. New measure-
ments during low solar activity were published by Johnson [8]. From these
data we can choose the direct values for the coefficients p in the equation
of electron balance (Table 1, first line). Besides, these data

can be used to find certain information about reaction coefficients

v and a. If we compare the experimentally computed profile of the ratio
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p(h) with the measured profile of electron density [e](h) from equation (13)
we can determine the values of 8§(h) for the various altitudes. Using the
mass-spectrometric data and equation (8), we find the values of §(h) given in
the second line of Table 1 from the mean profiles of electron density for

the equinox at middle latitudes during low solar activity (Slough, September,
1950). The values of §(h) depend on the concentrations of neutral particles

02 and N2 and on the ratio (y/a). Furthermore, from the equation of balance

TABLE 1
i (iALtitude, k| |
DR i ;.w*J w | ”°°I m | w
- "" LA S . - ’,.‘2—* ’1
~—[o+1/[a1 18] 0426 o 67 0,89 [ 0,96 | * 0,97 .
8 cm [ 8437} 1,3 /| 0444 | 0,24 ."‘0.1640-
Scomp sp~3 4,7 |1,5.] 0,56 | 0,24 | 0441108
TR e ot S T

(4) and (5) of positive ions it follows that in the F region where q(02) is
low in comparison with the other terms of equation (4), the ratio of NO+ and

0; ion concentrations is given by

[NOT] _ (rafos) [Na]
1051 77 (vofaa) On} (15)

The ratio [N)+]/[0;], according to the measurements of Johnson [18],
carried out with the aid of a mass-spectrometer in the frequency range from
160 to 240 km, is approximately constant and equal to 1.3 - 1l.4. With the
assistance of equations (14) and (15), from this value and the data for §
from Table 1 we can determine the quantities (yzlaz) [02] and (y3/a3) [NZ]'
The concentrations of neutral components (02) and (NZ) may without doubt be
borrowed from the model of Harris - Priester [5], since the neutral com-
position of the air in this model corresponds well with direct measure-
ments using a mass-spectrometer. .By such a method we obtain the following
ratio of the coefficients v and o for an altitude of 200 km during low

solar activity:
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Tafds = 14107,
Tofas =2 1.5-1078,
If on the basis of these values we compute §(h) for altitudes from
160 - 240 km, then data are obtained that are described in the third line of
Table 1. From the satisfactory agreement with experimental values in the
second line it follows that the data on the relationships (y/a) vary in-
significantly with altitude. This means that the temperature dependence

of coefficients y cannot differ strongly from the temperature dependence

of coefficients a.

Laboratory Data on the Coefficients y. In numerous laboratory experi-

ments attempts were made to measure both the coefficients of ion-molecular
reactions Yy and Yy and the values of the coefficients of dissociation a,

and @z These values were already given in the article by A. D. Danilov 163
(see the present collection and Reference [1]). New data were published in

[9 - 11]. Unfortunately all these data are quite contradictory. For example,

the measurements of Ferguson's [sic] group [9, 10] gave the coefficients
T=@0k 040 cpdigecd, =340 (3. gec 7t

whereas on the basis of the measurements of Sayer's [sic] group [11], the follow~
ing values were obtained
4 =140 cp3.gec™l, @m=7.10" ¢ gec™L

The values of Y3 here differ by a whole order of magnitude. We prefer to

use the data of Ferguson's groyp since they represent the opinion of many
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Figure 1. The Coefficient B' Figure 2. The Parameter p as
as a Function of Altitude. a Function of Electron Concen-

tration for Altitudes of 180,
200 and 220 km.

authors that the ratio YB/YZ must be equal to 0.1 (see for example [12]).

These laboratory measurements were made generally at a temperature of
approximately 300° K. However the temperature in the F region is consider-
ably higher. At an altitude of 200 km during low solar activity we must
assume a temperature of approximately 900° K at noon. Unfortunately, the
temperature dependence of the coefficients y is very poorly known. The
experimental data published in Reference [11] may be described by a depend-

ence such as T-0'7. It is possible that the temperature dependence is

more pronounced.

It seems to be feasible to take the temperature dependence of the coef-
ficients y in the form T_1 for subsequent studies and to use for an altitude

of 200 km (under conditions of low solar activity) the values

B=1107p3. gL =110 en’- sec

Then on the basis of the values given above of the ratios (y/a) for the coef-

ficients of dissociation we obtain

ap=1.10"7 cm3' sec-l. ay=7-10" cm3' sec
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The agreement of these values with the laboratory data is satisfactory.
Then with the assistance of these values of y and the concentrations [02]
from the model of Harris — Priester [5] we find the coefficient for N2 of
the equation of electron balance at an altitude of 200 km:

B'=54-107 g 71

The dependence of the coefficient B' on altitude is associated with the

variation in density of the neutral molecules, as shown on Figure 1. These

values are applicable during the noon hours at low solar activity (model /64

No. 2 in Reference [5]).

Figure 2 shows the parameter p = [0+]/[e] as a function of the electron

concentration for altitudes of 180, 200 and 220 km.
PROCESSES OF ELECTRON TRANSPORT

Now we can use the data of actually measured profiles of electron
density to compute the value of the loss term L' = B' pl[e] in the
equation of balance (11). In the noon hours the value of gjc/9¢t is always
smaller than q(0) , so we can assume quasistationary conditions. In
this case the difference between q(0) and L must be equal to the value of
the transport term

L'—g(0)= =—div({elo). (16)

In order to avoid problems associated with the seasonal anomaly in the
F region, let us first examine the N(h)-profile for the equinox (The Slough
station, September 1950) during low solar activity. Figure 3 shows the
values of q(0) and L' as a function of altitude for local noon. It is ob-
vious that the difference (L - q) varies quite strongly with altitude.
Simultaneously this difference at fixed altitudes is confirmed by the strong
diurnal variations as shown on Figure 4 (for an altitude of 200 km).
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the Ionization Rate q(0), Recom-~ and Recombination Rate L as a
bination Rate L' and Computed Function of Local Time at the

Value q + Dcomp (Broken Line) at Slough Station, September 1950.

the Slough Station in September
1950, Time 1200 hours.

Such values for D, as we can see from Figures 3 and 4, can not be ex-
plained by the velocities which are due to diffusion. For altitudes above
200 km Rishbeth [13] could explain the analogous profile of electron density
only by assuming very high diffusion rates. 1In a subsequent paper [14]
Rishbeth attempted to find a more satisfactory explanation for this by assum—
ing that the concentration of neutral molecules is significantly lower than
in the Harris - Priester model [5]. In this way the coefficient B' as well
as the values of L' are significantly lowered. As shown above, the neutral
composition of the air in the Harris - Priester model [5] agrees rather well
with the results of measurements using a mass-spectrometer. Therefore,
Rishbeth's assumption must be rejected. Furthermore this assumption implies
only the multiplication of L by a constant factor and this can never prevent
the fact that at certain altitudes at certain moments of time the difference
(L' - q) still remains large. This is clearly evident in Figures 3 and 4
in logarithmic ‘scale where this multiplication implies only a parallel shift
in the curves L'. Therefore we come to the conclusion that the value of the
difference (L' - q) may be explained only by allowing for the dynamic pro-

cesses in the plasma of the upper atmosphere.

The movement of plasma in the F region may be caused not only by dif -
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Figure 5. Geographic Distribution of Horizontal Velocity
Vectors at an Altitude of 300 km in the Northern Hemisphere
According to Kohl and King [15]. The North Pole is Located
in the Center of the Figure, Local Time ig Used Instead of

Longitude, N = 3.105 em™3,
max

fusion but also by the horizontal drift of the neutral gas. Since the ions

and electrons may move only in the direction of the force lines of the Earth's
magnetic field, the horizontal motion of the air creates a vertical component
of the plasma motion. Let us denote the vector of the velocity of neutral

air by u, and the unit vector in the direction of the magnetic force lines by

t. Then the vector of the plasma rate V, which is caused by the movement of

the air, is equal to

V=(u.t) t.
(u-t)t a”n

Let us choose a system of coordinates so that the coordinate x will be
directed to the east, the coordinate y to the north and the coordinate z up-
ward. Then the vertical component of the plasma velocity in the northern
hemisphere, according to equation (17), will be equal to

Vg == —uy,+cos {-sin i,
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where 1 denotes the geomagnetic inclination.

The horizontal drift of the neutral air is caused by the pressure grad-
ients which set in as a result of the unbalanced heating of the Earth's at-
mosphere. This planetary distribution of the pressure was found on the basis
of measuring the deceleration of artificial earth satellites. The model of
the resulting planetary circulation of the upper atmosphere was computed by
Kohl and King [15] by numerical solution of the equation of atmospheric

motion:

—Z%'-* —mxwlaﬁ % Vo—M %",;T— %Iﬁf(#-f) t].

The local variations in velocity and the Coriolis acceleration are given
in the left-~hand side of this equation and the pressure gradient and viscous
deceleration are given in the left-hand side; by this latter term we imply
the deceleration due to the collision between neutral molecules and ions
(v:.L is the number of collisioms, Ni and Nn are concentrations of ions and
neutral molecules). It is clear that the deceleration is stronger as the
ion concentration is higher. Therefore the daytime wind velocity
during high solar activity and in winter will be lower than during low solar

activity and in summer.

Kohl and King used only two very simple models of the ionosphere. For
the entire northern hemisphere they assumed a constant profile for the Chap-
man electrén density. One model has a maximal electron concentration of
3-105 cm-3'and the other, 1'106 cm—3. In both models the maximum of the
Chapman layer lies at an altitude of 300 km. These models represent actual
conditions poorly and therefore the computations of Kohl and King for the
velocity field shliould be used only as a rough approximation. '

The horizontal velocity vectors at an altitude of 300 km in the northern
hemisphere, according to Kohl and King, at a maximal electron demsity of
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3-105 c:m-3 are shown on Figure 5. (The
North Pole lies in the center of the
figure, the longitude is denoted in
local time). The velocities of this

model have a magnitude on the order of

150 m/sec. The component uy, directed

to the north, reaches a maximal value

at 1500 hours local time in the middle

Figure 6. Altitude Profile of the
Northern Component of the Velocity latitudes. The corresponding altitude
uy at 1500 Hours Local Time for
o
Latitude 45°. hours local time for a latitude of 45°

Below an altitude of 200 km the velocity of uy is low~

I

profile of the component uy at 1500

is shown on Figure 6.

ered.

At a maximal electron density of 1'106 cm_3 the geographic distribution

and the diurnal path of the velocity vectors are similar to that shown on
Figure 5; however the magnitude of the velocities is only approximately

40 m/sec. Therefore the diurnal maximum of the plasma velocity is expected
at approximately 1500 hours local time and the movement is directed downward.
In the middle latitudes with an inclination of approximately i = 60° this
maximal value of Vz at an altitude of about 200 km from these models is

equal to
V=30 sec vihen|[fpes =3-10%m 3,

W= 15m/sec When!llney =1-10° cpi~3

APPLICATION TO SOME PROFILES OF ELECTRON DENSITY

With the assistance of these data on the vertical velocities Vz of the /67

electrons and of the mean profile of N(h) at midday in September 1950
(Slough), used on Figure 3, we can roughly estimate what values are assumed

by the quantity D = div ([e]v) at the various altitudes. Here we find that
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D has a maximum at approximately an altitude of 190 km. On the basis of the

values of Dé and q(0) thus computed, a sum jg formed (a + Dcomp) that is

omp
shown on Figure 3. This curve (q + D ) (h) according to Equation (16)

must coincide with the curve L' (h). c;:is requirement is well satisfied above
210 km. In the same manner we can explain the value of L' (h) which deviates
from q(h). However below 210 km the value of (q + Dcomp) is still too smail
in comparison with L'. Let us assume that this divergence occurs because, in
computing the profile of the electron density, erroneous assﬁmptions were made
relative to the electron density profile between the E and F layers. Because
of these errors, below an altitude.of approximately 200 km exaggerated values
are generally obtained for the electron density and hence the computed values
of the magnitude of L' becomeégoo high.l Therefore it is very important to
compute the possible errors in the calculation of the N(h)-profiles before
continuing on to an interpretation of these profiles from the physical point

of view.

As a second example let us look at an analogous interpretation of a
typical winter profile of electron concentration which was observed at noon
of one quiet February day in 1961 in Bulgaria. Figure 7, just as Figure 3,
shows the quantities q(0) and L' as functions of altitude (in logarithmic
scale). The difference (L' - q) here at all altitudes is very large. With-
out doubt, this takes place as a result of the large values of the electron
density which occur as a result of the seasonal anomalies in the F2 region.
From our viewpoint this anomaly may be explained by the fact that in winter
the concentrations of molecular components of the atmosphere are slightly
decreased iﬁ-comparison with the Harris -~ Priester model [5], whereas the
concentration of atomic oxygen is somewhat elevated. In this regard, the total
atmospheric density should not vary strongly. If we assume that the concentra-
tion of (02) and (N2) in winter reaches only 80% of the values of the model in
[5], then the concentration of (0) must increase approximately up to 140%.
Therefore the coefficient B' and also the quantity L' should be multiplied by
0.8 and the ionization rate q(0) must be increased by 1.4 times. The values
of q(0) and L', thus corrected, are plotted on Figure 7 as a function of alti-
tude, depicted by the broken lines. The value of the electron transport term
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D was again computed from the data
ol comp
! of Kohl and King. Since the maximal
220 ¢ electron density reached a value of
200 b approximately 1'106 cm—3, we used the
lower values of the velocity. The sum
180 |
of the quantities 1.2 q(0) and D
160 R . comp
00 &0 70 1000 2000 3000 is depicted on Figure 7 by the dot-dash

qm)”"'Cm'_s-sec—1

. (0) and line. The agreement of this curve and /68
Figure 7. Ionization Rate ¢ n .

Recombination Rate L' as a Func— the curve 0.8 L' (the broken line) is

tion of Altitude. very good for all altitudes above 200
The Broken Lines Denote the Values I@- This result supports the hypo-
of q(0) and L', Corrected by thesis expressed above to explain the
Allowing for Variations in Chemi-
cal Composition of the Atmosphere.
The Dot-~Dash Line Denotes the

Variation in the Computed Value .
of 1.2. q(0) + D Computation of the N(h)-profiles

comp.

seasonal anomaly.

in the F region during the total solar
eclipse on February 15, 1961 [16] shows that at the maximal phase of the
eclipse the difference (L - q) has very large values. This effect may be
explained only by a strong increase in electron transport velocity dur-

ing the eclipse. This increase in the transport velocity should in fact be
expected on the basis of the Kohl -~ King theory since during the eclipse the
electron concentration in the entire F region 1s lowered to a significant

degree as a result of which an increase in the drift velocity begins.

In conclusion let us remember that the work of Kohl and King also makes
possible an explanation of several features of the behavior of the critical
frequencies of the F2 layer. For example, the decrease in the critical fre-
quencies after noon in the summer is explained by the fact that the vertical
component of the plasma velocity has a maximum at 1500 hours. Here the
electron density maximum shifts downward to the region where the loss rate

is higher than at higher altitudes.
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CONCLUSION

1. The dynamic processes in the lower part of the F region produced
by the overall system of atmospheric winds have an appreciable effect
on electron distribution. This jnfluence apparently is greater than
the influence of diffusion. Even the rough evaluations of Kohl and King give
the possibility of a better understanding of several features of the electron
density profiles. A similar investigation on the dynamics of the upper at-
mosphere was also carried out by Geisler [17]. It is necessary to carry out

further detailed computations of the system of winds corresponding to actual

conditions.

2. Measurement of the ion composition offers not only important data
for computing the electron loss rate in the F region, it also gives decisive
criteria for the values of the coefficients of chemical reactions in the
atmosphere. Therefore further study is necessary for the diurnal and sea-
sonal variations in the ion composition by direct measurements, which should

include measurements of the electron density profiles whenever possible.

3. It seems that even the quite small variations in the relative con-
centrations of neutral molecular and atomic components are sufficient for
explaining the seasonal anomalies in the F region. Here the dynamic move-

ments In the plasma of the F region play a secondary role.

4. Before we undertake a quantitative interpretation of the electron
density profiles from the viewpoint of physics, we must investigate what
errors may be allowable in the electron density values due to the assumptions

on the distribution of electron concentrativn in the region between the E and

F regions.
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PRESSURE GAUGE MEASUREMENTS ON ROCKETS AND SATELLITES

V. V. Mikhnevich

The paper presents a survey of techniques used for, and
results obtained in, measuring the atmospheric density when
employing rocket- and satellite-borne pressure gauges.

Experiments done with rockets present serious diffi-
culties. Rockets travel at a tremendous velocity and are
subjected to great accelerations and vibration in a wide
range of frequencies when they are on their active path.

The weight, size, and power requirements of rocket-borne
instruments must of necessity be as small as possible.
Owing to this, instruments intended for measuring pressure
must be quick-response, have strong construction, light
weight and small size, consume little power, and operate
automatically.

In addition to measuring pressure (density) the pressure
gauges provide for determining the atmospheric temperature
as well.

One disadvantage of taking measurements with rocket-
borne pressure gauges is that they cannot be used for deter-
mining the composition of the atmosphere, which results in
measurement errors. Another disadvantage is that the mea-
surement results may be distorted by gases escaping from a
rocket or satellite. Under certain experimental conditions
these errors can be reduced to an acceptable minimum by
special measures.

Studies of the atmosphere (structural parameters) using pressure gauges /70
and mass-spectrometers installed in rockets and satellites presents difficult
theoretical and experimental problem. The specifics of the experiment re-

quire studying a whole complex of phenomena. Let us look at some of these.
ATMOSPHERIC EQUILIBRIUM, BAROMETRIC FORMULA

The Earth's atmosphere is an uninsulated gas environment located in a

gravity field. Its state, determined by the effect of various energy sources
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including corpuscular and electromagnetic ones, varies with altitude and in

time.

As a result of this there is no complete thermodynamic equilibrium in
the Earth's atmosphere as a whole. At the same time there does exist a
local thermodynamic equilibrium in the atmosphere. 1In this case the local
properties of the gas (in a given volume) are described by ordinary laws of
thermodynamic (statistical) equilibrium, including: the equation of state
p = nkT (p is the gas pressure, n is the concentration, T is the absolute
temperature, k is the Boltzmann constant); the equation of hydrostatics
(the barometric formula) dp = ~pgdz (p is the density, g is the acceleration
of the force of gravity, z is the altitude); and the Maxwell law is satis-
fied for the velocity distribution of the particles:

2
—M0y

' L\ o
jdn(u,)=(————2ﬂth ) ne 3T dy,

(dn(vx) is the number of particles whose velocity components along

the x axis are given from Ve to Ve + dvx; m is the mass of the particle).

With local equilibrium, the properties of the atmosphere may vary both

in space and in time.

Furthermore, s happens much more frequently, a partial equilibrium in
the atmosphere is observed for which statistically balanced distributions

exist only for given kinds of particles in certain given intervals of time.

So, in the case of a partial local thermodynamic equilibrium, in
particular for electrons, ions and molecules, balanced "electron", "ion"
and "molecular" temperatures are established that are not equal to one

another

meve 08 ) mbl .3 Moy 3
~T?7£T~=, —."?”*;-—.-T'f"* =T M,
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where m,s m,, M, Vgs Vi Vv are the masses and velocities of the electron,

ion and molecule, respectively; Te, Ti and Tm are their kinetic temperatures.

At high altitudes where the atmospheric density is low and the mean
free path is long (Table 1), the gas is not a statistical continuum and
as a result of this the barometric formula in the ordinary form given above

does not describe the altitude distribution of the particles [1].

. TABLE 1
- '_ll.
L fo . W, sec l
wial | sleorr] oo bE0- 5\%“"3* ~v.
i (o=v- [L
g ] . aY_
o | 7m0 | . e7.10 7.100
40 1. 3,4-1072 R A
90 | 07 | 34" T
200 40 .| 34100 50
500 - 107 "3,4-108 1072

In this case the équation of hydrostatics has the following approximate

form:

oo -] =

This equation is transformed into the ordinary barometric formula when

the supplementary term for the absolute value is much smaller than the base

term, i.e.,

e[ (%) ]<n

Computations show that up to an altitude of 300 - 500 km, depending on solar

activity, we can use the ordinary barometric formula.
The altitude distribution of the particles and the photochemical re-

actions (ionization, dissociation, recombination, etc.) exert an appreciable

influence on the temperature of the upper atmosphere. As a result of the
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reactions which take place in the upper atmosphere under the influence of ‘nergy

sources, the distribution of particles in the atmosphere, just as in the case

where there is no zontinuum. is not described by the ordinary barometric formula.

Analysis of the system of hydrodynamic equations [2], which allows for

the elastic processes in the atmosphere (ionization, dissociation, recombina-

tion, etc.) leads to the necessity of introducing into the barometric formula

values of the effective temperature T* = T - A(Q/pz), where Q is the differ-
ence between the absorbing radiation and that emitted as a result of the
energy.from the translational degrees of freedom of the molecules, p is the
atmospheric density,

A==—§—-——__£E__~_

16 SV VI?W;‘

o is the diameter of the molecule. From the computations it follows that,
depending on the state of the atmosphere|, the effective value of the tempera-
ture is equal to the usual value of the temperature up to altitudes of 400 -
600 km, and consequently, up to these altitudes the ordinary barometric

formula is wvalid.
CONDITIONS OF FLOW AROUND A BODY

Since the atmospheric density differs at different altitudes, when an
object moves in the atmosphere the character of the flow around it varies
from the conditions of a dense atmosphere (continuum) to that of a free-

molecular flow.

Four regions of flows are differentiated in the modern theory of rari-

fied gases: a dense atmosphere when the mean free path is much

shorter than the characteristic dimension of the body: a flow with glide when

the mean free path is comparable with the characteristic dimension of
the body; an intermediate region with the mean free path longer

than the characteristic dimension of the body; when the mean free path is

117



much longer than the characteristic dimension of the body, the conditions of

free-molecular flow are satisfied.

Under the conditions of a dense atmosphere, interaction of the at-
mospheric gas with the instrument installed on a moving object takes place
through the boundary layer surrounding the body; with a free-molecular flow,
the atmospheric gas 1s directly connected with the gas in the cavity of the
instrument. The dimensions of the pronounced thin boundary layer in a dense
atmosphere increase in proportion to the increase in the mean free path; in

the free-molecular region the boundary layer dissapears.

Before we examine what laws govern the interaction of gas in the atmos-
phere with the gas inside the instrument, let us pause to look at several
special questions associated with the movement of a rocket (satellite),

instrument in the upper atmosphere.

SPECTAL QUESTIONS

Walls. A rocket (satellite) lifts a large amount of gas into the upper at-

mosphere that forms a cloud around the rocket. This cloud dissipates with
time. The time of such a degassing will depend upon the material from which
the rocket is ﬁade and the air tightness of the unit. Furthermore, the degree
to which the rocket gas liberation influences the instrument response will

depend on the location of the instruments on the vehicle relative to the sources

of the gas.

As a rule, pressure gauges and mass—spectrometers are not installed on
the rocket itself,but in a container which is separated from the rocket at

an assigned altitude.

The container or the satellite (external part) is made of good, vacuum-
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pure materials with a low inherent vapor pressure and a high rate

of degassing, such as, for example, metals and porcelain.

Under predetermined experimental conditions, this permits measuring such
low values as 10_9 - 10—10 torr. But at these pressures the sorption and
desorption of the structural units and the walls of the measuring instru-
ments, preliminarily degassed, may influence the accuracy of the measurements.
The pressure inside the instrument follows change in the atmospheric pres-
sure. If the range of pressure variation for a certain time is very high,
then the films which form on the walls of the structural units inside the
measuring instruments will not be in equilibrium with the pressure inside

the instrument.
Let us look at such an example.

A plate is placed in a nitrogen atmosphere with varying pressure. In
the case of physical absorption the kinetics of the absorption is described

by Langmuir's equation:
Ve '—:-.;— =0 H:(il—”) - "en

where ==ﬁhuﬂ“f§;jiﬁ7# is the number of molecules striking the

surface per 1 cmzlsec;? = v 2HAT jg the number of molecules vaporizing per
1 sec per 1 cm2 of surface, fully covered with adsorption molecules; Vo

is the number of gas molecules in the dense monomolecular layer per 1 cm

of surface; a is the coefficient of accomodation; 6 is the amount of the
surface covered with molecules at time t: AH is the heat of

adsorption; NA is the Avogadro number; k is the Boltzmann constant.

The recovery time for equilibrium between the film and the gas depends
on the pressure, the kird of 8aS  and the temperature of the plate and the gas.
At a pressure of p = 10—4 torr equilibrium is established 1in 0.12 sec,

6 = 1; at a pressure of 10--7 torr equilibrium is established in 99.42 sec,
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6 = 0,939 (Table 2) (temperature of the plate and gas is equal to 300° K,

As is clear from the table, the state of
4 _ 10-7

coefficient of accomodation a = 1).
the surface of the plate is constant for pressures of 10 torr

(9 ¥ 1); therefore in this pressure range, the monomolecular film can not
influence the accuracy of the pressure measurement. At lower pressures,
especially at pressures less than 10--9 torr, the influence of the film on the
accuracy of the measurements may be substantial and will depend on the design

of the instrument and the trajectory of the unit.

TABLE 2
'p, torrjft, seé(ﬂ ' [t sec] {éjiﬁ

g1 )P, torn |

~

107

107¢" 0‘12' ) 1

- . , 99,42 P
1078 1.2 | 0,009 | 407 | 727,08 0,607
10 1 12345 | o903 } 107 1532,08 | 0,184

Spontaneous Ionization of the Atmosphere. In the ionosphere the con-
centrations of jons and electrons may have values on the order of 106 cm_3.

If an object moves in the ionosphere at a velocity of 8 km/sec, a current
of ~ 10_7 A may be induced in the measuring instrument installed on board,

(with a diameter of the intake orifice of about 1 cm).

As a result of this, the measurement of neutral particle concentrations,

whose equivalent currents may have values of 10_11

difficulty.

A, Involves considerable

"Impact" Ionization, Dissociation, Displacement of Atoms from'a surface.

Now let us look at the group of phenomena associated with studying the at-
mospheric. properties on a moving body. As a result of the impacts of parti~
cles about the surface of the body, generally speaking they may dissociate

and ionize and furthermore, the atoms may be displaced from the surface.

In rocket experiments the effectiveness of these processes is low.

Comparison of the energy of the moving particles and the ionization poten-
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tials shows that this energy is insufficient for ionization.(At a rate of
speed of approximately 8 km/sec the energy of motion for nitrogen particles

is about 10 eV and for atomic oxygen about 5.5 eV, and the ionization potentials

of these gases are 15.51 eV and 13.55 eV, respectively) Although the energy
of sublimation of the majority of metals (on the order of 3 - 4.5 eV) is
less than the energy of motion of the particles at the velocity of the
satellite, and consequently it is possible for the atoms to be expelled,
research has shown that sublimation becomes significant only for

energies of the particles striking the surface on the order of hundreds

of electron volts.

Photoemission. Photocurrents are induced by direct

ultraviolet solar radiation. The magnitude of the photocurrent per square
centimeter of irradiated surface is approximately the same (Vv 10'-8 A) for
all conducting surfaces in the region of the hard ultraviolet (A < 1500° A).

Thus, the entire series of processes, i.e. gas separation, spontaneous
ionization and photoemission, must be taken into account in setting up ex-
periments in the atmosphere. The design of the instruments and the units
must be such that they will have no effect on the accuracy of the measure-

ments.

So, in order to avoid errors in the measurements caused by the presence
of ions and electrons in the atmosphere, at the inlet of the instrument a
special trap-condenser is installed which prevents charged particles from

entering the measuring cavity of the instrument.
BASIC INTERPRETATIONAL RELATIONSHIPS
At the present time the theory of the movement of gas and flow around

a body has been developed for the region of a dense atmosphere and

free-molecular flow. For the intermediate region only specific problems

121

174



have been solved. For the dense atmosphere and free-molecular flow,
fairly strict expressions have been obtained which relate the char-
acteristics of the atmosphere to those of the gas inside the

measuring instrument. Let us look briefly at them.

Dense Atmosphere. The pressure and temperature on the surface of a

streamlined body at a given point (pe, Te) in the case of nonadiabatic de-
celeration are related to the pressure and temperature of the unper-

turbed atmosphere (P T tm) by the following expressions [3, 4]:

atm’

pe=p Jt+ - em3, ).
To= Ty eaft + 02 M)
s _Pe—Patm _T,—T

where ° s By el is the coefficient of pressure recovery; r= a7,
is the thermal coefficient of restitution; u is the velocity
of the body relative to the gaseous atmosphere at aogiven point; Matm is
the Mach number for the unperturbed atmosphere'T==-£:—-is the relationship
between heat capacity at a constant pressure (c ) and constant volume (c ).

Between the pressure and the temperature on the surface and inside the in-

strument an equilibrium is established that can be written in the following

form:
b
e _ (TP
Pe TC 1)
where

b 1,9 (I/a)s
=T 135 (/a) + 33 (//a)

(1 is the mean free path inside a tube of radius a). Appropriate
substitution leads to the basic equation:

[ atmi4‘03' gﬂb
_ Tpg
Patm PP8 — (14-1/2-sMypp)
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Based on the measured values of the pressure and temperature inside the in-~

strument, if we use the barometric formula dpatm = —-pgdz, by the method of
trial-and-error we can determine the values of the pressure and temperature
of the atmosphere Patm and Tatm'

Free-Molecular Flow (//R>1) [5]. Let us examine the simplest case:

the cavity of the pressure gauge is connected with the atmosphere through
a diaphragm with radius r (with no connection tube). Let us remember that

the number of particles incident per unit area per unit of time from the
oncoming flow will be

Nv
= Y w % (B,

where N is the number of particles per unit volume of the unperturbed atmos—

phere; v is the most probable velocity of thermal movement of the particle;

m is its mass; B = (u/v)sin 6; y (B) = e—*" + Yap 1 - @ (B);

8
@)= (evas

0

2,
V=
6 is the angle between the current vector and the plane of the diaphragm.

Let the satellite move at a velocity u in the atmosphere with concentra-
tion N, pressure p and temperature T. The characteristics of the gas in
the cavity of the pressure gauge are designated by Nl’ Pl’ T1 and vy Change
in pressure inside the pressure gauge W for the time dt, produced by the

flow of particles into it nsdt, is equal to

kT] Nv». kT;
72 nsdt = 2—}/.7 xdts W

In this same period, the flow of particles from inside the pressure gauge

N Nen KTy
msdt- lowers the pressure in the pressure gauge by!zﬁ sdt 37~ , where
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s is the area of the pressure gauge orifice, and vy is the most probable velocity
\

of the particles in the pressure gauge. At equilibrium these two currents

are equal. And, consequently,

n T 1
N=N1—‘v_x"— s p;=P1 To %
_ : *T 1
when B>12 x@®)=2Vnp N=M 2mrl;-'usin9 !

T N= V r T
p=n V—m{ V Tiusin® PV Zamk ¥V Tiusing
when 9=0, % (®)=1and Ny =N VT, p=p VT/T1

If the pressure gauge has a connecting tube, it is necessary to allow
for the resistance of the tube to the input and output flows. The
velocity of these flows will be different and consequently the computa-

tional formula must be changed [6]:

n k(0,1
Yox @) ®(B, ir)

where k (B, U/r), k (0, I/ry is the Clausing coefficient, which characterizes the
conductivity of the tubes for a tube of length 7 and radius r in the pre-

sence and absence of a flow.

In these discussions we have assumed that the coefficient of accomoda-
tion of the gas in the pressure gauge is near unity and the coefficient of
recombination is small. The gas inside the pressure gauge has one tempera-
ture (temperature of the wall of the pressure gauge) and the composition
of the gas both inside the pressure gauge and in the atmosphere is the
same. In the general case for high velocities of the instru-
ment it is necessary to allow for the influence of recombination of atoms
in the instrument, selection by masses and density gradient inside the

instrument [7, 8].
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In selecting a formula for the free-molecular flow we made the assumption
that the local velocity distribution of the molecules in the atmosphere obeys

Maxwell law.

In a nonequilibrium atmosphere the local velocity distribution of the
molecules can not be described by the Maxwell function and in this case the

formula given can not be valid.

At the same time if the rate of motion of the instrument is much greater
than the velocity of the thermal motion of the molecules, i.e., B > 1.2,
then the density in the cavity of the instrument will not depend on the type

of velocity distribution function of the molecules in the atmosphere.

If Bv 1 or B <1, then in the case of atmospheric nonequilibrium the
interaction of the gas in the atmosphere with the gas in the instrument will

have a different character and the above formula can not be used [9].

From these formulas it is clear that in determining the concentration
or the density of the atmosphere with respect to the pressure and temperature
of the gas, measured in one pressure gauge, we must make assumptions as to the
temperature and composition of the atmosphere. Analysis of the dependence
of these formulas on the values of the temperature and molecular weight
of the atmosphere led to the following conclusion: the greater the velocity
of movement of the instrument, the less will the results of the pressure
gauge measurement depend on the temperature and composition of the atmosphere
[10]. Thus, in the experiments on the satellites, as a result of the assump-
tions on temperature and composition of the atmosphere, we find an additional
error in determining the density and concentration of particles of the atmos-—

phere on the whole by several percent.

When two instruments (or one scanner) are installed on a vehicle

not only is the density determined but the temperature of the
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atmosphere as well.

In the simplest case if one of the instruments is parallel to the

flow (B > 1.2) and the other is in an effusion state, then as is

obvious from the system of two equations:

) 1 i
N=p l/ — = : + .
1 2amk VTr wsing (8>1,2) first instrument;
N=N" T (effusion) second instrument;

1 T

From the pressure, density and temperature measured in the pressure gauges
we can determine both the concentration of particles in the atmosphere N

and their temperature T. The characteristics of the atmosphere can be determined

with slightly greater accuracy by using mass~spectrometers.

We have examined a number of questions involving interpretation of the
readings of instruments installed on rockets and satellites. Let us look at

the conditions of the experiments, equipment and their requirements.
EQUIPMENT

A rocket (satellite) moves at tremendous speed, undergoing in the pro-
pelled part of the flight high accelerations and vibrations in a wide frequency

range. The weight, dimensions and power of the scientific equipment in the

rocket experiment are always limited.
used for measuring pressure must be of quick-response type, posses

Furthermore, rocket borne equipment
great stability, have small dimensions and operate automatically.

Since it is fundamentally impossible for any pressure gauge to provide
measurements of pressure in the required wide range (for example, for the
altitude range of 40 - 500 km, from 1 to 10_.9 torr), a whole series of pres-—

sure gauges and the corresponding amplifier equipment was developed. We have
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used membrane, thermal, thermoioniza-

tion and magnetic electrical discharge

pressure gauges. In particular in the 7

investigations on rockets up to alti-

tudes of approximately 500 km in the

1958 experiments,thermoionization and

magnetic electrical discharge pressure
gauges were used with a measurement
2 _2°107% torr and 1°10~
- 1'10_9 torr, respectively. These

Figure 1. Ionization Pressure Gauge. 5

range of 2710
1. Accelerating Grid - Anode; 2.
Collector; 3. Filament - Cathode;
4. Grid for Stabilization of pressure gauges differ substantially

Emission; 5. Trap. from their laboratory prototypes.

Let us briefly discuss the design of Soviet and foreign ionization

pressure gauges used for investigation of the atmosphere above 100 km.

In the pressure gauge we have a filament, a cathode, a grid for stabi-
lizing the current of emission, an anode and a collector (Figure 1). The
anode is made in the form of a cylindrical grid, the collector in the form of
a filament. With such a design the collector has a minimal irradiating sur-
face, thus permitting a reduction in parasitic collector current. (This current
is induced by photoemission from the collector produced by soft x-rays which
arigse when electrons emitted by the cathode are modorated by the grid material.)
At a given pressure, the value of the ion current depends on the value of the
emission current. To ensure no ambiguity in the measurements, the emission
current is stabilized. In particular, the stabilization is accomplished using
a supplementary grid located near the cathode in front of the anode. The grid
has, with respect to the cathode, a small negative potential whose value is
automatically regulated in the operating process of the instrument. Further-

more, the emission current during the experiment is registered.
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At the input of the pressure gauge there is a special condenser by
means of which the charged particles entering the pressure gauge
from the atmosphere are removed from the discharge gap. The current of
the pressure gauge at a fixed temperature is proportional to the number of
particles per unit volume . We used direct current amplifiers
to amplity the currents from the pressure gauges. The values of the output
voltages from the amplifiers during the experiment are transmitted to Earth

using radiotelemetry.

The pressure gauges are placed outside the unit, the amplifiers and
the other equipment inside in an air tight compartmént. They are
electrically connected by a special hermetically sealed coupling. A
special screen shields the electrode leads from charged particles.

For the purpose of decreasing gassing in the experiments using

rockets, the instruments were installed in containers which were separated
from the rocket at the moment of the measurements; the external units, the
design of the containers, the satellites on which the pressure gauges were
installed were all made of materials possessing a good desorption rate and
minimum vapor pressure. The pressure gauges were first degassed

and evacuated. The pressure gauges were opened with the aid of separating

equipment in the upper atmosphere at an assigned altitude.

To study the atmospheric properties up to an altitude of approximately
100 km, we used meteorological rockets; above this altitude we used geophy-
sical rockets and satellites. The schematic of a standard meteorological
rocket is shown on Figure 2. Thermal and membrane pressure gauges and re-
sistance thermometers are placed in the spike. To allow for the effect
of solar radiation incident on the open filaments of the resistance thermo-
meters, bolometers were installed; auxiliary thermometers were installed for
measuring the temperature on the walls of the pressure gauges. Behind the

spike are three compartments of the nose cone of the rocket with measuring

equipment. The nose cone of the rocket is recovered by use of a
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l parachute. The responses of these
/ i instruments are transmitted to Earth

telemetrically.

L///Z
| The high-altitude geophysical
automatic station, HAGAS, (Figure 3) is

a hermetically sealed metal sphere
with a diameter of about one meter in
which a large complex of measuring
equipment is installed (the weight
of the HAGAS is about 360 kg) [10].

During ascent the station is
located in the nose cone of the
5 S rocket and covered with two shielding
half-cones. At an assigned altitude
the half-cones open and the station
is separated from the rocket. The
movement of the station is stabilized

7 = according to three axes relative to

the sun.

Figure 4 shows the schematic of
an artificial earth satellite, in
which equipment for measuring varia-
tions in density in the upper atmos-

@ | ¢ phere was installed for the first time.

¥

Figure 2. Schematic of a Meteorological
Rocket. VARIATIONS IN ATMOSPHERIC
DENSITY
1. Heat Pressure Gauge; 2. Resistance
Thermometer; 3. Bolometer; 4. Com-
mutator; 5. Membrane Pressure Gauge; In the past ten years the launch-
6. Accumulator Block; 7. Photo—-

equipment; 8. Transmitter. ing of a large number of rockets and
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Figure 3. Schematic of the High-

Altitude Geophysical Automatic
Station, HAGAS.

DA-1, DA-2, DA-3, DA-5 are the

Ionization and Magnetic Pressure
Gauges.

Figure 4. Schematic of the Third

Soviet Artificial Earth Satellite.

1. Magnetometer; 2. Photomultiplier
for Registering Corpuscular Radiation
from the Sun; 3. Solar Batteries;
4., Instrument for Registering
Photons; 5. Magnetic and Tonization
Pressure Gauges; 6. Ion Traps;

7. Electrostatic Fluxmeters; 8.
Mass-Spectrometers; 9. Instrument
for Registering Heavy Nuclei in
Cosmic Rays; 10. Instrument for
Measuring the Intensity of Primary
Cosmic Radiation; 11. Sensing Ele-
ment for Registering Micrometeors.
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satellites has permitted determination to be made of the atmospheric density
at various altitudes, latitudes, at different times of the day, the year

and at different levels of solar activity.

At altitudes below 150 km, the basic results were obtained from measure-
ments using pressure gauges and by the method of falling spheres; above
150 km, by the deceleration of satellites. Analysis and comparison of the
variations in atmospheric density above 150 km led to establishment of a
correlation between density and solar and geomagnetic activity. .Periodic
variations were found in the density with a daily, monthly (27 -~ 28 days),
semiannual, ll-year, etc. period. Besides the periodic variation there
also exist non-periodic variations in density, depending on random perturba-

tions on the sun. A latitude effect is observed [11].

With increase in solar activity (ultraviolet radiation) the atmospheric
density is increased and the rate of increase in density grows with altitude.
For example, with a two-fold increase in solar activity (it is customary to
take solar radio emission on a wavelength in the range of 10 - 20 cm as the /82
characteristic) the atmospheric density at an altitude of 200 km is increased o
by approximately two times and at an altitude of 500 km by approximately four

times.

In the course of a day the density undergoes very strong variationms.
At a given altitude with the same solar activity the density has the greatest
value of 1600 hours. The amplitude of variation in density increases with
altitude (Figure 5) [12]. According to the data obtained during years of
maximal solar activity, at an altitude of 200 km the density varies from day
to night by approximately 30%; at an altitude of 800 km, by one order. The
diurnal effect during years of minimal solar activity up to an altitude of
500 km is slightly higher. At an altitude of 200 km during the day the den-
sity varies by approximately two times [13]. At the same time above 500 km
the amplitude of the diurnal density variations is decreased and at an alti-
tude of 1000 km is approximately equal to the dirnal variations at an alti-

tude of 200 km. Of all periodic variations, the variations in density
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Figure 5. Diurnal Variations in Density at Various Altitudes and Temperature
of the Exosphere during Low (a) and Very High Solar Activity (b).
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Figure 6. Variation in Deceleration
of Satellites (Density) During In-
creased Geomagnetic Activity From
5 to 24 November, 1960.

Along the ordinate axis are plotted:
The Ratio A/A, where A are instan-
taneous accelerations: A is the mean
value; ap is the index of the geo-
magnetic activity; F10 is the current
of radio-emission at wavelength A =
10.7 cm in units of 10722 W-m Z.Hz"1.

sec_l. The Arrows Denote Cases of
the Observation of Class 31 Flares
on the Sun. 1. 1121 km; 2. 650 km;
3. 564 km; 4. 528 km; 5. 415 km;

6. 350 km; 7. 205 km (Altitude of
Perihelion).
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during the day, and variation with solar'activity, are the greatest in

amplitude.

The variation in density correlated with the variation in geomagnetic
activity may also be significant. For instance, according to the data in [14],
‘'with a strong increase in geomagnetic activity (apx 400) at an altitude of 650
km the density was increased by approximately 5 times (Figure 6).

Variations in temperature have the same character as do the variations
in density, i.e. the variations in atmospheric temperature have a diurnal,
monthly, semiannual 1l-year periodicity and depend on solar activity, geo-
magnetic effect and on latitude. Figure 5 shows the diurnal variations in
the temperature of the exosphere for the periods of minimum and maximum solar
activity. The temperature of the exosphere increases with increase in solar

activity (Figures 7, 8); by day its value is greater than by night [12, 15].

The results of several rocket experiments give a basis for assuming that
apparently above 100 km the temperature (composition) does not vary mono-
tonically but rather there is a temperature (composition) inversion [16]

(Figure 9). This result requires additional study.

It is obvious even from a quite superficial discussion that the varia-
tions in density and temperature of the atmosphere have a complex character.
As a result of this in setting up experiments for studying variations in
structural parameters it is desireable to differentiate between these and
other effects. For example, a satellite with a circular orbit reveals the
diurnal variations of parameters at a given altitude to the best advantage.
Rocket experiments permit us to obtain a vertical cross section of the
atmosphere at a given geophysical point with constant values of the solar
activity, time of day, etc. The widely used method of satellite deceleration
gives averaged characteristics of the atmosphere in time and altitude (with

an increase in the accuracy of determining the trajectory of the moving
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Figure 9. Altitude of the Uniform
Atmosphere and Temperature of the
Atmosphere June 18, 1963 (Pressure
Gauges) .

1, 3. First Aproximation; 2, 4.
Second Approximation.
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satellite, the interval of averaging is decreased). On the other hand use of
quick-response instruments '-- pressure gauges and mass—spectrometers -- makes
possible the study of the detailed structure of variations in atmospheric
parameters. Only by using the most diverse methods of research can we obtain
complete information on the properties of the upper atmosphere and their

variations.
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RESULTS OF MULTI-YEAR OBSERVATIONS OF THE OUTER IONOSPHERE
UTILIZING SIGNALS FROM SATELLITES

K. H. Schmelovsky

Regular observations of the signals coming from
artificial satellites are carried out at the Kiilungsborn
observatory. These observations yield useful informa-
tion on the behavior of, and changes in, the outer
ionosphere. The paper presents a detailed description
of techniques used for observing the signals and pro-
cessing the 'results. The observed results reveal
how the total number of electrons present in a’
colum of the ionosphere depends on svlar activity,
they also help to investigate the latitude anomaly of
N and the diurnal variations of Ne both during maxi-
mum and minimum activity. The analysis of experimental
data also allows the electron temperature to be deter-
mined. It has been found that in case of low solar
activity, Te is 1.5 - 2 times as high as the tempera-
ture of neutral particles, whereas in case of high
solar activity,Te may reach 3000° K. A calculation
has also been made of the mean rate of electron
formation during the day time from the maximum period
of solar activity to the minimum one. Similar cal-
culations have been made for the flux of ionizing rad-
iation as well.

Signals from satellites have been observed regularly at the Kiilungsborn /84
observatory since the time that "Sputnik-3" was launched. The artificial

earth satellite series "Kosmos'" were used as well as the "Transit-4a" and

"Explorer XXII" (S-66) .
Faraday fading of the signals from "Sputnik-3" was investigated at

20 MHz and from "Transit-4A" at 54 MHz. Faraday fading from the "Explorer-
XXII" was registered at frequencies of 20, 40, and 41 MHz as well as the
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phase shift (difference in Doppler frequency shift) between coherent fre-
quencies of 20 and 40 MHz. Basically we investigated the total number of
electrons

hy

N = S N,dh

o
(hS is the orbital altitude of the satellite). Furthermore we have developed
methods for determining other parameters of the electron density distribution.
For this we used the differences in Faraday fading at various altitudes and
compared the measurements of satellite signals with measurements from ionos -

pheric probes.

Figure 1 shows an example of registering signals from the satellite "Ex-

plorer XXII".

For the registration we used a device with automatic frequency control
which was necessary to compensate the Doppler frequency shift of the signals
received. The width of the pass band of the receiver was 100 Hz. At the
output of the receiver was a signal converted to a frequency of 80 Hz. This
low frequency was registered directly. Furthermore, a signal from the 20
MHz channel was doubled and mixed with a signal from the 40 MHz channel.

The difference between these two frequencies is shown on diagram 4 (Figure

1). A similar operation was carried out also with the 40 MHz signal shifted
by 90° (diagram 5). The signals of the difference frequencies are a

two-phase alternating current which is fed to a synchronous motor which drives
a potentiometer. The voltage at the output of the potentiometer is a time
integral of the Doppler differential. 1In addition to this the device gives

a registration of the complete Doppler frequency shift of the signal received
(Figure 2). This registration obviously 1is not adequate for a precise
measurement of the trajectory; it may only be of help in the case when no
other information sources are available concerning the precise elements of

the trajectory.
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Figure 1. Examples of Registering Signals from the Satellite "Explorer XXII".

1, 2 and 3. Faraday Fadings at Frequencies of 20, 40, 41 MHz, Respectively;

4 and 5. Difference in Doppler Frequency Shifts Between Coherent Frequencies

of 20 and 40 MHz; 6. Time Integral of the Difference in Doppler Frequency
Shift.
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a If we compute the number of tran- /86

sitions through zero in differential

Jmin Doppler registration, figured from the

b moment when the phase difference is
minimal, and write the results in time,

Jmin we obtain the curve I(t) which gives

the time behavior of the difference in

Figure 2. Exzample of Registering phase paths between the coherent fre-
Complete Doppler Frequency Shift quencies expressed in wavelengths.
of the Signal Received on May 10,

1963 at a Frequency of 54 MHz. Under favorable conditions we can of

course directly use the curve of re-
a. Beginning 0845; b. Beginning

1136. Local Time gistration shown on diagram 6 (Figure

1). But the difference in phase paths

can be determined only with an accuracy up to a constant term. Then we have

I(t)+CD=NtOtG(t)' (1)

and

40,3 1
G(t)y= 31 n(i——n—,—)secv.

Correspondingly, if we compute the number of minima in the registration
of Faraday fading, we can obtain the time behavior of the Faraday rotation K(t).

The angle of rotation is in units of w. Then

K@) +Cp=N,_ ()-F (1), an
and
F(t)y= 2’%@— |L|cosQsecw,

where f is the frequency, 0 is the angle between the magnetic field of the
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Earth and the direction of propagation, ILI is the magnetic field strength,
n is the ratio of coherent frequencies, t is the time figured from the moment
of least distance of the satellite, v is the angle between the vertical and

the direction of propagation.

It is obvious that variation in Ntot with time does not reflect the true
variation in the total number of electrons in time, but is determined mainly

by the motion of the satellite.

Considerable difficulties in the interpretation are encountered in deter-

mining the constants C_ and CF. If we assume only one registration, then one

equation does not alwags suffice regardless of whether we proceed from the
integral form according to equation (1) or (1') or directly use the

fading frequency. This problem arises , for example, in analyzing the data
from "Sputnik-3", "Transit-4A" and others. Thus, we must make additional

assumptions. We use two different assumptions.

First Assumption. In a first approximation Ntot depends linearly on t.

Thus, ~ _
Ntot(t) =Ntot{d) -+ N (iK1 —1), 2

where t is the moment of time corresponding to the middle of the registration
to be computed. Then we find, for any three moments of time tv’ three

equations such as

I(ty)+ cD=F(t,,)Ntot(?) + F(e ) (e - t) Néot(?) 2"

Second Assumption. The mean value of the total number of electrons in

the course of the time under study is approximately equal to the total number
of electrons at the moment of time t. After transforming equation (1) and

integrating with respect to time, we obtain the expression

ty
< 1 1m+c
Niot= S (D)) 2. (3)

tot™ th—1

If we denote

L(z)

ta
i = 1 1 dt
== s .
ta— 1y § G dt and ‘2—-‘—_8—0 ®
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we find

N =i+l
Nt;ot oo 3"

If we use equation (1') one more time and substitute t = E, we find

. I+¢C
Ntoéo==___%ET£L. %)

If we take these assumptions into consideration, we may assume the right-

hand sides of equations (3) and (4) to be equal and find OD. We obtain

Coe GO —I(@)
P T e (5)

A similar method can be used for computing the Faraday fading. After

determining the additive constant we can of course very easily obtain the

behavior of Ntot from equation (1) or (1').
To minimize errors resulting from these assumptions, the

first method is used several times with different combinations of values of

tv and the highest and lowest values of the constant are discarded, after
In addition, the
De~

which the mean value of the remaining values is determined.

behavior of Ntot is determined independently by the second method.

pending on the results of the computations,it will be decided whether the mean

¢ from both values or from one value is to be used. All computa-

tions were carried out on a computer.

value of Nto

The best methods are chosen when there are several simultaneous
registrations

(1) Let us assume registration of the Faraday fading at one frequency
and registration of the differential Doppler shift at two frequencies. Since
Equations (1) and (1') are linearly independent, then CD and CF may be jointly

determined so as to give identical behavior of Ntot(t) wherever possible.
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According to the least squares method we find

3
_ ] di =Min(Cp, Cp). (6)

’S’[I(z)-l-cp K@®)+Cp
sl 6O £

From this we have

AnCF + AIIGD = By, ' Auc" + A“CD == B,,
where
€1/1 _x 11 _ K
— — . =\ — =\ dt,

B=\g (g —F)% a=\5(e—F)

11 i .

€4  at ¢ a )
Apn= I:’ ’ Agp = F; A12=A21=—S'—FTG— .

. . A

1y t

(2) Let us assume registration of the Faraday fading on two close
frequencies. In this case we can determine the difference in the angle of
rotation accurate to integral multiples of m directly from the time shift
in the minimum fading at both frequencies. Since the frequency dependence
of the Faraday rotation is known theoretically, if we multiply the difference
of the angles of rotation by a constant number, we then obtain directly the
angle of rotation for a given moment. Because of ambiguity we find different
solutions which may differ strongly if the difference in frequencies is small.

In the majority of cases the proper solution may be found without fundamental

difficulties.

Furthermore, if we assume simultaneous registrations of the differential
Doppler, then we can obtain a more reliable result, since a proper solution
must also approximately correspond to the measured behavior of I(t). 1In our
method we nevertheless assume that the results from the Faraday fading must be
multiplied by a factor of y v 1, since for computation of the curves F(t)

we used values of the magnetic field at the surface of the Earth. This
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factor is determined according to the method of least squares and gives an

additional factor h which is determined by the equation

- sh N, dh

h=—Nan— (8)
and is related to vy by the equation

o, (9)

h=Ro(V1—1)

Finally we can still compare the Faraday fading at strongly differing fre-
quencies (for example, 20 and 40 MHz) and obtain effects of a higher order.
If we bear in mind the second order terms, the equation for the Faraday fading

has the following form:

A)+Cp= F(‘)Ntot:(f) [1 + 12 {c +(s—1)tan V(tan v — -Z—ZL-)}], (10)

where Z, is the component of the magnetic field lying on the line of inter-

1
section between the plane of propagation and the plane perpendicular to the

direction of propagation; ZL is the component of the magnetic field in the

direction of propagation:
z=808N,  Jfhi #=NYF,

Since the individual terms depend differently on frequency, they can

be determined independently.

RESULTS

The dependence of the total number of electrons on solar dctivity is
shown on the example of diurnal variation during the equinox of 1958 - 1959
and in the fall of 1963 (Figure 3). Besides this, for both of these periods

of time the mean values for the daylight periods are shown in the form of
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individual columns. A significant drop is seen in the mean values of the

total number of electrons by approximately 4.7 times.

To study the known seasonal anomaly, Figure 4 shows the diurnal variation of
the total number of electrons for summer and winter during the periods of
maximum and minimum solar spots. Besides this, the average value, during
daylight hours, of the total number of electrons is again shown by the indivi-
dual columns for 0600 - 1800 hours local time. It is clearly obvious that
only with maximum solar spots is the total number of electrons during the day-
light hours in winter greater than that during daylight hours in summer. The
total number of electrons during minimum solar spots in winter is nevertheless /90
too high, if we take into account the low position of the sun. Thus, we can

speak here about an insignificant seasonal anomaly.

Investigation of the variations with latitude became possible only by
using differential Doppler measurements on the S-66 satellite. Figure 5
shows the isolines of the constant values of the total number of electrons as
a function of latitude and time of day. Since the satellite had almost a
precise circular orbit, at a higher altitude the variations in the total number
of electrons during the time of transit may be explained only by geographic

differences.

Here it was assumed that the difference in longitude plays a small role.
In order to determine some effective latitude for each moment of time during
transit, we proceeded from the fact that the greatest demsity of electrons
is found at an altitude of 350 km. As the effective latitude we used the
latitude at which the ray penetrated the 350 km level. As was expected,
the isolines exhibited no unexpected features for sunspot minimum.
The shift in the moments of sunrise and sunset with latitude may be clearly
ascertained from the behavior of the isolines for Ntot' The lowering of the
solar altitude with latitude also determines the decrease in the total num-

ber of electrons.
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Figure 3. Total Number of Electrons
in the Vertical Column of the Iono-
sphere Ntot as a Function of Local

Time.

a. During High Solar Activity (1958 -
1959); b. During Low Solar Activity
(Fall 1963); The Shaded Area Shows
the Values Averaged for the Days.

Figure 4. Total Number of Electrons
in the Vertical Column of the Iono-
sphere Ntot as a Function of Local /89

Time Average Values Between 0600 -
1800 hours shown by shaded area:

a. Summer, 1959; b. Winter 1958/1959;
c. Summer, 1964; d. Winter 1963/1964.

Figure 5. 1Isolines of the Constant
Values of the Total Number of Elec-
trons in the Coordinates, Latitude -

Local Time.



Figure 6. Variation in the Ratio

Comparison of the nocturnal var-
o0 iations with latitude under perturbed
and unperturbed conditions is shown
an Vo a0 ! on Figure 6. It is obvious that dur-
48° 50 54 58 62 ¢

ing perturbations the total number of
o .
electrons between 60 and 64 is

Ntotfﬁ cot with Latitude. (Per- slightly elevated. These phenomena

taining to an Altitude of 350 km). are probably associated with the outer

radiation belt. If we assume that the
1. Under Quiet Conditions; 2. Under

Perturbed (Kp.i 2) Conditions. excess electrons are located mainly at

an altitude of 150 - 200 km rather
than at 350 km, we then obtain a
latitude of 58 -~ 64° which corresponds to the position of the horns of the

outer radiation belt at our longitude.

To interpret the results we took as a basis the diffusion theory of the

F layer and proceeded from the following equation of balance:
e d

where q is the rate of formation of electrons for the case of simple Chapman

law; B is the coefficient of recombination which is proportional to the con-

centration of molecular particles of the neutral gés and thus decreases very

rapidly with altitude.

The diffusion rate Wy obeys the law

— __1__. ch_ | d
op=D( N, "dh +'7r)- (12)
where H is the altitude of the uniform atmosphere; u = Ti(Te + Ti) (Ti is

the ion temperature; Te is the electron temperature). The equation for the

diffusion coefficient is
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k(Te+T. .
_(_M vy = z'/"‘ (13)

D=—
vimy ’

(vi is the frequency of ion collisions, n is the density of the neutral gas).
Thus, the diffusion coefficient is inversely proportional to the density of
neutral gas and, under the condition that the electron temperature is near
that of the ions, is proportional to the square root of the temperature

value, For very high electron temperatures, it increases linearly with T.

First of all we studied two cases: the equilibrium conditions and the
nocturnal recombination (q = 0) with equilibrium as the initial state. Since
a number of measured values exist for the reaction parameters, the composition
of the atmosphere, and other required values, by using these data we could
limit the range of individual parameters. The values varied within this
range. Here it was found that the type of electron distribution depends on
temperature more strongly than on the reaction parameters. In particular,
above the F2 maximum the '"plasma temperature" Tp - 0.5 (Te + Ti) was found

to be the only decisive parameter for the form of the layer.

With this also is associated the fact that the normalized values are

1000 km
Y=S N.dh
300 kI Ne,max
(N is the electron concentration at the F2 maximum), and s depends al-

e,max
most only on the plasma temperature. This fact was used for determining the

plasma temperature. In the "Sputnik-3" the value of Y was computed from the
total number of electrons and from measurements of the ion probe and plotted
as a function of altitude. Besides this the value of dY/dh could be deter-

mined from the time variations during transit by using the equation
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400 - —*_"——*;;}1
i 0t —— b mégg’ j - . Finally the value gﬁ 1 is tri-
. 4 .
2 ~&m Ne . = 0.86- 1012 -3 vial for the altitude of the F2 maxi-
, Y 100 km= mum. Figure 7 a shows the type of
- y tot
190 7 Ntot'o 86 .1017M~2 curves Y(h) for summer days in 1958
N M2 ¥ I;mnk 500 mm : ,ML (the crosses represent the mean value
m 4
35?%17 ar tot? — of Y(h), the broken line - the mean
0. nE value of dY¥/dh for the given altitude
I —:j;;?%“*—a range), and Figure 7 b shows the curves
2
W for the nocturnal values of 1958 -
00 {- [,/ 1959.
1+ 2w = 0.49-10 m >
o-1 e max = _
a *-2 ]Y «100 km= _ ’ For winter days it was impossible
f -
4/ In 0.49'%0 1Z M  to directly plot the experimental curve
L Vi | et
0 400 MW 1200 b km Y(h); therefore we plotted different

theoretical curves and selected the
Figure 7. Path of the Curves Y(h). suitable one. By differentiation we

a. For Summer Days in 1958; b. For can obtain from these curves the dis-
Nocturnal Conditions in 1958 - 1959;

tributi f el d t Fi
1. Mean Values of Ntot(h); 2. Mean ribution of electron density (Figure

8).
Values of Ytot for a Given Altitude )

Range.
During sunspot minimum we had

available only the satellites which had an almost circular trajectory. To
determine the plasma temperature from the electron content,we could only use
a comparison of experimentally determined values of Y for a given‘altitude
with the theoretical values. But this method was found to be rather rough.
Therefore we used the results of observations at several frequencies,and the
plasma temperature was determined from comparison of the theoretical and

measured values of s.

Whereas in winter, during the night and during sunspot minimum the
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values of the plasma temperature do not exceed the temperature of the neutral
gas by very much (1.2 - 1.5 times) in summer during sunspot maximum we

find very high plasma temperatures (up to 3500° K). During geomagnetic per-
turbations the plasma temperature is also clearly elevated. Figure 9 shows

for April 1959 the behavior of the number of electrons, the behavior of f0 F2,
the index Kp and the plasma temperature computed using Y. Figure 10 shows for /92

fall of 1963 the dependence of Ytot on the index of magnetic disturbance Kp'

In the course of several selected intervals of time, in addition to
measurements of radio signals, telemetric information was also received
from the "Explorer XXII" concerning probe measurements of local
concentration. Here we are speaking of measurements by a
plasma probe whose potential varied in a sawtooth manner with respect to
the body of the satellite. The radio signal measurements during this time
were processed with special care and from the values obtained we plotted the

best theoretical profile for N s and h. Here we assumed that during this

s
time the electron temperature 5:: 1.5 times greater than the temperature of

the neutral gas. 1In equations (12) - (14) we considered only one type of

ion, i.e. O+. Therefore at high altitudes the electron concentration

should differ from this profile. Figure 11 shows a comparison of the theoreti-
cal profile with the results of direct measurements. If the theoretical pro-
file, allowing for the helium ions, is changed such that it corresponds

with the measurement results, we then obtain a mean molecular weight for

the ionized particles of 8.5 atomic units at an altitude of 900 km. This
agrees well with the results which were obtained by others using this satel-

lite but an entirely different method.

The recombination coefficient Bo at the altitude of the iou formuation /93
maximum,as well as the reduced coefficient of diffusion D'n, are signifi-
cant for the rate at which the electron conentration drops following sunset.
We used the following values: Bo = 2'10_3 sec_l; ng = l.5‘1010 cm_3; Den =

0.75-1019 cm_l In this way, after 10 hours of recombination we find a drop in
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the number of electrons by 3.2 times. The experimental results for the ratio of

N at sunset to N after 10 hours following sunset are found to be bet-

tot tot
ween 2.2 and 2.9. We detected no systematic variations with time of year or
cycle of solar spots. Apparently, BO and the diffusion coefficient are small- /94

er than had been assumed, and do not undergo significant variations.

Since the total number of electrons naturally depends on all the para-
meters, we made an attempt to find the variations in ionizing radiation with
the cycle of solar activity using the most probable values from the litera-
ture as well as measurement data. Here we found the following

results:

(1) The variation in the total number of electrons, averaged for the

daylight periods, measured from 3.62-1017 m-2 at the equinox of 1958 - 1959

to 0.775°10%7 n? in the fall of 1963;

(2) We computed the variation in the average rate of 0+ ion formation
for the same time: from 3.53'102 cm_3;

(3) The flux of ionization radiation for the same period of variation

consisted of values from 0.67-1010 to 0.21-10 cm—z.

For computation of this latter we assumed that the altitude of the uni-

form atmosphere of neutral gas during sunspot maximum was 70 km, and

during sunspot minimum was 50 km.
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PROBE METHODS FOR STUDYING THE IONOSPHERE

G. L. Gdalevich

Probing is the main technique used for investigating
a gas—discharge plasma (comparatively cold plasma with a
rather low concentration and weak magnetic fields). Char-
acteristics obtained from probing (dependences'of probe
current upon voltage applied to a probe) may, in the main,
be used for determining all the basic parameters of a
plasma, such as: electron and ion concentration, distri-
bution of ions and electrons according to their energies
and plasma potential in the area of the probe. Measure-
ments carried out by means of probing allow the local
parameters of the ionospheric plasma to be determined,
the results of such measurements being independent of
the condition of the medium between the probe and the
Earth. In principle the advantage of measurements carried
out by probing;is that they may be used at any altitude.
However, apart from difficulties encountered in the gas-
discharge plasma, a number of difficulties which pertain
particularly to the ionosphere may arise during measure-
ments by means of probing.

Much information on the parameters of the ionosphere
and their variations has been obtained with the help of
measurements by means of probing. The comparison of mea-
surement data obtained by different methods makes it
possible to estimate the reliability of measurements and
reveal methodological errors.

The methods of investigating the ionosphere using rockets and satellites /95

may be divided into two basic groups:

(1) Study of radio wave propagation between the satellite or rocket
and Earth (in certain instances based on reception on board the satellite of
radio waves transmitted through the ionosphere);

(2) Measurement of the ionospheric characteristics near the rocket or

satellite using instruments installed on board.
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The article of V. A. Misyura deals with the methods of the first
group of tests. The basic disadvantage of this group of tests (from the view-
point of studying local atmospheric parameters) is that the entire
thickness of the atmosphere through which the radio waves pass affect the form

of signals received.

The basic advantage of the methods in the second group is that the
measurehent results are completely independent of the characteristics of the
atmospheric layers near the instruments on the satellite or rocket, and
the processes which take place in it. In this case the instrument responses
are completely determined by the small region near these instruments. How-
ever, the instrument responses are influenced by the perturbations created

both by the instruments themselves and by the satellite or rocket.

These so~called probe methods began to be developed back in the 1920's
by Langmuir and his associates for investigation of gas discharge plasma
and at the present time are the basic methods used for measurements in a rela-

tively cold plasma with relatively low concentration and in weak magnetic

fields.

The ionosphere, as we shall see below, is an almost ideal medium for
using the probe method. Investigations of the ionosphere have stimulated
the development of probe methods. For measurements in the ionosphere,
we have used both the methods developed earlier and specially created ones.
In the present article we shall look briefly at the theory of probe mea-
surements; let us examine the characteristics of measurements in the iono-
sphere; we shall discuss the methods used for ionospheric measurements; we
shall cite theoretical and experimental information about the influence of
perturbations, created by a moving satellite, on the measurement results
using the probe method; in conclusion let us pay attention to the prospects

of utilizing this method.
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P
¥/ BRIEF DISCUSSION OF THE THEORY
OF PROBE MEASUREMENTS AND
ITS LIMITATIONS
"/110 7 The method of probes proposed by
4 Langmuir in 1923 [1] involves an

Figure 1. Volt-Ampere Curve of the electrical probe, i.e. a small elec-
Probe. trode of spherical, cylindrical or
flat shape, being introduced into the
gas discharge plasma and the probe
potential, given relative to the cathode or amode, being varied relative to
the plasma potential at the site of the probe. The probe characteristic or
the so-called volt-ampere characteristic, is the current on the probe versus
the probe potential. Figure 1 shows a typical shape of the volt-ampere curve.
It can be qualitatively explained in the following manner [2]: at high negative
potentials of the probe the current on it is determined by the current of
positive ions, since the thermal electrons may not overcome the retarding
field of the probe (segment AB); with a decrease in the negative potential
an electron current begins to affect the probe; this current initially determin-
ed by the fastest electrons. This explains the more rapid decrease in current
on segment BC than on segment AB, and its subsequent change in sign (point C)
with potentials on the probe even lower than the plasma potential at the site
of the probe. After the current changes sign, it increases abruptly with a
reduction in the negative potential (segment CD), reaching values in absolute
magnitude that are approximately two orders greater than on the segment AB.
Even in this region (CD) the electron current exceeds the ion current signifi-
cantly. Near the potential of the probe, equal to the plasma potential (point
D), the law governing the increase in current changes since the electrons are
first held by the field of the probe and then begin to be accelerated. This
change in the law governing increase in the probe current near the plasma

potential appears as a more or less sharp bend in the volt-ampere curve.
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In order to find the plasma parameters it is necessary to compute the
shape of the volt-ampere curve from a certain simplified theoretical schema-

tic and compare it with that observed.

To develop the theory of probes it is important to introduce Langmuir's
concept for the layer of a space charge surrounding the probe. In fact, when
the probe is injected into the plasma (just as when a rocket enters the
ionosphere) it acquires a negative potential, since the electron velocity ex-
ceeds the velocity of the positive ions and consequently the electron current
at the initial moment is greater than the current of positive ions. 1In the
steady state the total current on the body is equal to zero. Consequently,
the probe acquires the potential V, determined from the conditions of equality
of the currents. For an isotropic plasma containing only electrons and

positive ions, this condition is determined by the equation

en.v, en v,

4. ='—4—°"P("%)’ (1)

where e is the electron charge; n,, n, are the concentrations of positive
ions and electrons, respectively; v,s v, are their mean (arithmetic) veloci-
ties with Maxwell distributionswhich are related to the temperature T and the

mass M by the formula v = (8kT/nM)1/2; Te is the electron temperature; k /97

is the Boltzmann constant. From (1) it follows that any body in plasma
(rocket or satellite in the ionosphere) when there are no other influences
on the potential from other effects such as the photoeffect, secondary

emission, currents of fast particles, etc., acquires a negative potential

o ST
~— .
In this case a layer of a positive space charge is formed near the probe in
which the electric field of the probe drops rapidly and the electron concen-
tration is significantly less than the ion concentration. Introduction of
the Langmuir concept of a space charge layer is important for the following

reasons:
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(1) The current on the probe is computed by computing the movement of
the charged particles in the space charge layer on the assumption that no
collisions occur}

(2) The limits of applicability of the theory become more distinct
since the lack of collisions in the space charge layer means that the mean
free path of the charged particles 1 will exceed the thickness of the
space charge layer d significantly.

To find the shape of the volt-ampere curve we solve the Poisson equation
for the distribution of the potential in the layer. Depending on the sign
of the potential, the equation has the form [3]

(forv>0) ¢W =dne(n, exp(—'—,:-TK-)—n.l. (2)

(fori’<0) VW = 4xte [n, oxp ( — Tc;%) —n,).

The boundary conditions for solution of (2) are given on the surface of the
probe and at a certain distance from it, where the field of the probe may
be assumed either equal to zero or small. The solution of (2) with boundary
conditions determines the distribution of the potential in the layer which
also determines the movement of the particles taking into account the laws
of conservation. For spherical and cylindrical probes, we examine the
movement of the particles by allowing for the laws of conservation for the
movement in a centrally-symmetric field (laws of conservation of energy

and momentum). To compute the volt—ampere characteristics of

a flat probe we use the law of conservation of energy and the
equation of continuity of the particle flux. Such computations for
spherical, cylindrical and flat probes were cited by Langmuir and his
associates. Let us note that the computations of the electron branch were
valid and at the present are used for interpreting the results of probe
measurements. As far as the theory of the ion branch of the volt—ampere
characteristics is concerned, they required further refining (following the

research of Langmuir). Since, in making measurements of the ionosphere,
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computations of the ion current flowing to the probe must be made by allowing
for the characteristics of the measurements (see below) there is no sense

in gxamining this question in detail. Let us give the basic formulas accord-
ing to which the plasma parameters are determined in carrying out probe mea-

surements. For the current of particles moving in a retarding field:

env Vv
Iy=——"7F—sexp ( — ’:Te ), (3)

where s is the surface of the probe. Formula (3) is valid regardless of the
shape of the probe and consequently the semilogarithmic'dependence log Ip =
£f(V) in this range of probe potentials is a straight line whose slope deter-

mines the temperature

5040

Te= TGt
(4)

The nature of this dependence may be explained by the fact that in the
field of the repelling probe an equilibrium distribution must be established
for the particles, i.e., the Boltzmann distribution.

For attracting probe potentials:

(a) For an Infinite Flat Probe.

N Sl
Ip——I =78

i.e.,

_ 4g8-108
"= ey I, (5)

where n, is the electron concentration in cm3; s is the surface of the probe

in cm2; Ie is the value of the electron current in amperes.

(b) For a Long Cylindrical Probe.
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where rp, r are the radii of the probe and the space charge layer;

lay

2

ehagn 15 the error function.
Vg

Ce~3R

In computing the conditions (eVb/kT) > 1 and (riay/ri) >> 1, Formula (6)

is well approximated by the expression

L= VT irs 2 (14 g2 ) 7
e

where I is the length of the cylindrical probe. From (7) it follows that

(8)

{1/ dar? Y2
ne=3.22'1°“T( aVp ) '

where s is the surface of the probe in cmz, Ii is the square of the electron
current in amperes and Vp is the voltage on the probe in volts. Proceeding
from (8), Langmuir and Mott-Smith recommended a method for determining n,
from the function Ii = f(V) and the point on the volt-ampere curve at which
the probe potential relative to the plasma is equal to zero, and from the
intersection of the rectilinear part of the function Ii = £(V) with the

axis Ie = (0. However, in practice this method is used rarely in a gas dis-
charge plasma since it is rather complicated to satisfy the conditions of
its use [4]. 1In 1961 this method was successfully used for measurements in

a gas discharge plasma [5].

(¢) For a Spherical Probe.

z
env, ™ ( eV )J
l,==—5—358 1—(1—_"""" exp | — E IR
e 4 [ ria)) kT, (ri—ay /r2:P 1) ' )
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Under the condition (riay/ri) >> 1, formula (9) is well approximated by the
expression

s €NV,

I, brd hee &
esdnr, =% (i+ kT,) (10)

which represents the linear dependence of the current Ie on the voltage V

on the probe.

In interpreting the volt—ampere characteristics of the probe we must
first approximately determine the zero potential of the probe relative to the
plasma (space potential at the site of the probe) based on the bend in the
curve at point D (see Figure 1); the bending point is clearer on the semi-
logarithmic curve). Then the ion branch of the curve (segment AB) must be
extrapolated to the right of point B up to the point at which the probe
potential is equal to the space potential and the ion current subtracted from
the probe current to determine the electron branch. We then plot the func-
tions Ie = £(V), 1n Ie = f(V), Ii = £(V) and determine Te’ n from the formu-
las. The value of the electron and ion concentrations based on the strength
of the current at the point at which the probe has zero potential relative
to the plasma is determined by (5). All these cited formulas are valid for
a Maxwellian velocity distribution of charged particles. If there is no
Maxwellian velocity distribution (which is determined by the presence or
absence of a rectilinear part in the semilogarithmic curve), according to
Dryuvesteyn, the law governing electron energy distribution is determined

from the value of the second derivative of the volt—-ampere characteristic

[4].

The practical utilization of probes is complicated by a number of fac-
tors such as perturbation of the plasma by thelprobe itself (change in the
electric field inside the plasma, depletion of the plasma due to .at-
traction of charged particles to the probe), photoemission and secondary

emission from the surface of the probe, etc. Therefore, ever since the
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probe method appeared, and still at the present time, many different re-
finements have been proposed. Unfortunately it is impossible to examine

all these proposals in detail. Let us look only at the most important pro-
posals and those which have direct application to measurements in the iono-
sphere. Even Langmuir himself began to use diode probes for separating the
currents of particles of unlike sign [6]. In the 1950's Boyd used the diode
probe for shielding plasma from the probe field [7], and N. I. Ionov pro-
posed the use of a triode flat probe in which the potential difference bet-
ween the two electrodes could be maintained constant. A substantial contri-
bution was made to the method of probe methods by investigation of the probe
operation under dynamic conditions, i.e., when, along with the slowly varying
(usually in a sawtoothed manner) voltages, low amplitude harmonic signals
were also fed to the probe [9 - 12]. This made it possible to obtain the
derivatives of the volt-ampere characteristics. Finally we must mention ‘the
development of the theory of the double probe method in 1950 [13 -15] which
is used in a gas discharge plasma for the purpose of lowering the influence
of the currents flowing to the probe or to the plasma being studied, or in

electrodeless discharges.
MEASUREMENT CHARACTERISTICS IN THE IONOSPHERE

Ionospheric plasma, beginning from altitudes of ~ 100 km, is an almost
ideal medium for using probe measurements since at these altitudes in the
ionosphere the mean free path of the particles is significantly greater
than the thickness of the space charge layer (i.e., the basic assumption
concerning lack of collisions in the layer is valid). As an example, for
the worst case (altitude of 100 km) we can cite the following numbers: mean
free path 1 ~ 10 cm, thickness of the space charge layer d near the flat /100
probe (when V = 5kTe/e, Te = 600° K and n, = 104 cm_3) is equal to v 5 cm.
Below this altitude use of the Langmuir probes is not theoretically justi-
fied, although attempts have been made to develop a theory of probe mea-
surements for the cases of d i 7 [16 - 18]. On the other hand the increase

in the mean free path and the decrease in the concentration of charged
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particles in comparison with the corresponding parameters in the gas dis-

charge plasma lead to a smoothing out of the bend in the volt-ampere curve

near the space potential.

In making probe measurements in the ionosphere we should take into

account the following factors.

(a) The probe potential varies relative to the body of the rocket or

satellite. Thus, in making measurements in the ionosphere we must examine

the operation of two probes (one of which is a reference probe). This follows
from the fact that the total current on the entire system (probe-rocket or
satellite body) as a whole must be equal to zero. Consequently, the increase
in electron current in the circuit of the probe must be compensated by the
increase in ion current on the surface of the rocket or satellite. Therefore
the problem of compensating the current flowing to the probe is important

in using the probe method. Computations show that the surface of the probe
must be approximately three orders smaller than the conducting part of the
surface of the body with respect to which the probe potential varies, so that
the potential of the reference body remains practically constant with change in
the probe potential [19, 20].

(b) Photoemission due to solar ultraviolet and X-radiation from

the surface of the probe may influence the volt-ampere characteristics. The

value of the photocurrent density from metal surfaces, according to the data
of rocket and satellite tests, is equal to approximately 5'10_9 A'cm—2 in

the F region [21, 22]. This current density corresponds to the

electron current density with a concentration of n, = 5'103 c:m-_3 and

a temperature of Te-ﬁ lO30 K. Therefore, without using special measures

to suppress the photoemission, measurements with a one - electrode probe are
possible in the irradiated part of the ionosphere up to altitudes of about
1000 km. Besides this we must take into account the variation in poten-

tial of the rocket or staellite due to the photoeffect (and the possibility ot

probe measurement of the photocurrent flowing from the surface of the rocket
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or satellite).

(c) The radio transmitters installed on the rocket or satellite may

influence the probe measurements. This influence may appear either in the

form of stray pickups by the probe circuit, or in variations in tempera-
ture or electron concentration near the probe, or in the excitation of
fluctuations in the ionosphere,or in the change in potential of the reference
body due to increase in the electron current on the antennas of the trans-
mitter.

(d) The escape of gas from the rocket or satellite and desorption from

their skin may decrease the concentration of charged particles near the probe.
Therefore, in carrying out probe measurements in the ionosphere one must take
special measures to decrease the desorpfion'and‘gas separation. Removal of
‘this effect in several experiments may be attained by separating (dumping)
the equipment from the rocket or by separating the propellent assembly from
the container with the equipment.

(e) The probes used to carry out the measurements are installed on

\vehicles moving at velocities either comparable to or exceeding the thermal

velocity of the positive ions. This leads to a redistribution of the parti-

cle density around the rocket and satellite and changes the shape of the

ion branch of the volt-ampere curve. The effect which atmospheric perturba-
tions near the moving equipment have on measurements using the probe method
will be examined below. The shape of the ion branches of the volt-ampere
curves for a spherical probe, installed on board a satellite, was first com-
puted by K. I. Gringauz, V. V. Bezrukikh and V. D. Ozerov in interpreting
the measurements carried out on the third Soviet Earth satellite [23]. A
schematic representation of 'flow of an ion stream around a spherical trap
is shown on Figure 2 a, from which it follows that the effective

collecting surface of the trap varies as a function of the potential on the
trap relative to the plasma. ‘' A schematic of the ion movement near the

trap is shown on Figure 2 b, on the assumption that the ions move in the
centrally-symmetric electric field of the trap. This assumption, strictly
speaking, is not valid since a perturbed region is formed during the move-

ment of the trap at a velocity which exceeds by approximately one order the
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a

Figure 2. Movement of the Trap in Plasma

a, Schematic of the Flow of the Ion Flux Around a Spherical
Trap (¢ is the Trap Potential Relative to the Ionospheric
Plasma); b. Schematic of the Movement of an Ion Near the

Trap (rt of is the Radius of the Effective Cross Section
’

of the Trap; o and a are the Maximal Angles Bet-
0,max t,max

ween the Direction of the Ion Velocity and its Radius-Vec-
tor, for Which the Ion is Incident on the Trap).

velocity of the ions behind the trap (in a direction counter to the velocity
vector). Although study of this effect will be carried out below, let us
mention here that the current on the spherical probe is created basically
by ions incident on the front (in the direction of the velocity vector) of
the trap. Therefore to prove the validity of the assumption on ion movement
in a centrally-symmetric field,it is sufficient to show that the equipoten-
tial surfaces from the front of the trap have a spherical shape. As will

be shown below, this is the case. If we use the law of conservation of

momentum

o sina, = v . r sin a
ury £t

ay 0 t

[where u is the speed of the satellite, r is the radius of the trap (probe),

t

v, is the velocity of the ion at the surface of the trap, e and a, are the

,angles between the direction of the ion velocity and its radius—vector (see
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Figure 2 b)]; and if we use the law of conservation of energy

mpg mgul
2 = 2 — P

(where ¢ is the potential of the trap relative to the plasma), we find the

equation for the ion branch of the volt-ampere curve:

I = 2 2@
P AN, eu urb(i— iy ),

(11)

where o is the transmission coefficient of the trap, u is the speed of the

satellite. Reference [23] gives the volt-ampere curves by allowing for the

thermal velocities of the ions (Figure 3), although the expression for the

current on the spherical probes allowing for the thermal velocities is not

given. Such an expression was given later by Sagalyn and Smiddy [24] and

Medicus [25] and has the following form for the retarding potentials:

Iy

where

en, v \
= —t F  p?.
c= A J'l:rP

b T
—xrdx. 4u . N T
E(a’b)=§e x'dxn a0=—zy d:‘/ i:%;v no—agr "’I—“z-

1
y=¢ {e—-n-no [aa;“ sh (2a00) + ch (Zuae)] + a;‘l (—2—- + Mo — ”I> E (a0 — atg, @ 4 o)},

(12)

The precise expression for the ion branch of the volt-ampere curve of a flat

probe was given by Whipple [26]:

1 1
ﬂp= eun,s { cos [—2— 0+ 5 (81 (x)] -+ Tco’;*efe‘x- },

where

4u cosd ( e )1/2.
="\ »
L

kT

0 is the angle between the velocity vector and the normal to the

probe

(13)
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surface, ¢ (x) is the error function.

From (13) it follows that the current

on the segment of the infinite plane
does not depend on the potential of

this segment relative to the plasma

(in the region of attracting poten-

. tials).

0 z ¥ 6 ] 10
v (f) The volt-ampere curves are

. * L
Figure 3. View of the Ion Branches of plotted in the presence of the Earth's

the Volt-Ampere Curve, Computed for magnetic field. Besides this, the

the Case of 0" Ions with the Concen- in—
tration n, = 106 em=3 at a Satellite volt-ampere curves may also be in
Velocity of u = 8'105 cmvsec_l. fluenced by the magnetic fields

o o created by the rockets or satellites
1. T=0 K; 2. T=500" K; 3. T-= :

1800° K3 4. T = 5000° K. themselves. There is no overall
theory for the operation of probes in

the presence of a magnetic field.
However,in a gas discharge plasma for magnetic fields in which the
cyclotron radius of the electron becomes smaller than the characteristic
dimensions of the probe and the Debye radius, based on Baum's assumption,
the ion branch is utilized for carrying out measurements involving probes.
In this case we proceed from the following arguments. If the cyclotron
radius of the particles is greater than the Debye radius and the char-
acteristic dimension of the probe, then the movement of the particles in the
space charge layer may be studied just as in the absence of a magnetic field.
Thus, it is assumed that 1in the presence of » magnetic field, instead
of the mean free path of the particles we should bear in mind the
cyclotron radius of the particle. The research of G. V. Spivak and E. M.
Reykhrudel' showed that for a cylindrical probe the base radius is less
than the cyclotron radius, and the magnetic field has practically no in-
fluence on the measurements of temperature and concentration of electrons /103
[27]. Smith notes in the methodology handbook of COSPAR (International T
Committee on Research in Outer Space) that in the unpublished lectures of

F. F. Chen, the lack of any influence from the magnetic field on the mea-
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surements of electron temperature was established even in the case where the
cyclotron radius of the ion is greater than the radius of the probe and the
Debye radius [20]. However in this latter case the value of the electron

current flowing to the probe is decreased.

PROBE MEASUREMENTS IN THE IONOSPHERE

To investigate the ionosphere, probe methods began to be used in 1946
during the time of the first V-2 rocket launches in the USA. 1In 1946 -
1947 three experiments were carried out with a Langmuir probe used as the
front of the rocket (truncated cone) insulated from the remaining part of
the rocket. The probe potential relative to the body of the rocket varied
linearly from -22.5 V to 22.5 V for a period of 0.5 sec. The volt-ampere
characteristics of the probe were transmitted on telemetric lines. Since
the areas of the probe and the rocket body in these experiments were compar-
able, a double probe was in fact used, the theory of which began to be
developed only during the 1950's. Therefore a detailed description of the
experiments by Hock, Spenser and Dow was done only in 1953 [28]. Because
of the complex shape of the probe,no complete computation of the volt-ampere
characteristics could be done and the data on the concentration of charged
particles obtained in these experiments are apparently incorrect. 1In spite
of the unsuccessful determination of the pardmeters, these experiments
showed that by allowing for the characteristics of the measurements the

probe method is applicable for investigations in the ionosphere.

The first reliable results using the probe method were obtained by
K. I. Gringauz, V. V. Bezrukikh and V. D. Ozerov in 1958 on the third Soviet
satellite when the characteristics of the measurements in the ionosphere
were taken into account {19, 23]. The ion branch of the volt-ampere curve
was used for the measurements so that the magnetic field could be disre-
garded. TFor the purpose of decreasing the influence of orientation on the

measurements,a spherically shaped probe was used. The effect of
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Figure 4. Spherical Ion Trap.

Position of the Spherical Trap on the Satellite: t., t, are
1 2
the traps; @y, 0, are the Adjusting Rods.

photocurrent was reduced by determining the accumulation of ions

from the potential and the dimensions of the mesh enclosure (10 cm diameter),
but the photocurrent which could exert an influence on the measurements was
determined by an internal collector (3 cm diameter). The outside diameter
of the spherical ion trap is shown on Figure 4 a. The accumulation of all
the ions passing through the inner grid was attained by having a negative
voltage of - 150 V, with reference to the satellite body, fed to the collec-
tor. Thus, the electric field inside the trap collected all the positive
ions and prevented electrons with an energy less that 15Q eV from reaching
the collector. In order to exclude measurements during those moments of
time when the ion trap enters the perturbed region behind the shadow of the
satellite (with respect to the velocity vector) and along with this to ob-

tain the results directly, two spherical ion traps were installed over
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Figure 5. Example of the Ion Volt-Ampere Curves.

1. PFor the Trap tl; 2. For the Trap t,.

diametrically opposed segments of the satellite on thin rods 65 cm long

(Figure 4 b). Bipolar Pulses relative to the satellite hull were applied
periodically (once every 2 sec) to the mesh enclosures of the traps: a positive
pulse with am amplitude of 25 V and duration of 0.13 sec and a negative pulse
with an amplitude of 15 V and a duration of 0.07 sec. Figure 5 #hows an

example of the ion volt-ampere characteristics obtained. Computation of the
concentration of charged ions was done according to formula (11). As a

result of this experiment, the following results were obtained on the third

Soviet satellite on measuring the concentration of positive ions:

(a) The region of the ionosphere first investigated was at altitudes of
600 - 1000 km;
(b) It was established that at the altitude at which the satellite flew /104
the electron concentration is equal to the concentration of positive jons;
(c) The decrease in concentration of charged particles with increase
in altitude in the outer ionosphere during the period of maximum solar activ-
ity (1958) takes place more slowly than does its increase with increase in
altitude in the region lying beiow the layer maximum; at an altitude of 1000

km the concentration of charged particles reaches ~ 6'104 cmfa.
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Triode ion traps [29] were installed on three Soviet lunar rockets in
1959. Figure 6 a shows the position of the traps on the rocket "Luna-2".
Figure 6 b shows the schematic of the triode traps. In these experiments,
designed to investigate outer space, K. I. Gringauz, V. V. Bezrukikh, V. D.
Ozerov and R. Ye. Rybchinskiy first used a special grid with a negative
potential relative to the collector for suppressing photoemission. Later this
method for suppressing photocurrent interference began to be used quite
widely both in Soviet instruments and in foreign ones. This made it possible
to decrease the value of the photocurrent and thus measure small
ion currents and establish that the ionized gas mantle of the Earth
stretches out in the equatorial plane to an altitude of approximately 20,000
km above the surface of the Earth. The concentration of charged particles

-3

at these altitudes is 102 cm 3

and above this level it is less than 10 cm .
In these experiments various constant voltages from =10 eV to + 15 V relative to
the container body were fed to the mesh enclosures of the traps (with the ex-
ception of the test on the rocket "Luna-3"). This also made it possible

to distinguish the thermal plasma (with an energy of v 1 eV) since no voltage
appeared on the external grids at frequencies having an energy greater than

15 eV. Computation of the ion concentration was made according to the value

of the collector current in the trap with zero potential on the mesh

enclosure from fofmula (13), i.e. on the assumption that the trap is a segment

of the infinite plane.

The successful completion of the experiment on the third Soviet satellite /105
served as the beginning of the use of the probe method for measurements in
the ionosphere in different countries. We shall confine ourselves only to an
examination of the tests which are either of methodological interest or which

introduce substantially new concepts concerning the ionosphere.
A group of {.S. scientists, beginning with November 1958 and con-

tinuing until the present, has used a double probe for investigating the

ionosphere; this probe is separated from the rocket during the ascending
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Figure 6. Container with Scientific Equipment, Installed on Board the
Rocket '"'Luna-2",

a. Position of the Triode Ion Trap; b. Schematic of the Trap; 1. Collector;
2. Anti-photelectron Grid; 3. Enclosing Vesh; V

12 V2’ V3 are the Voltages

on the Electrodes, Given Relative to the Body of the Container.
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branch of its trajectory after the
engine is turned off [30 - 33]. The
design of the probe varied slightly in
order to measure a large number of
parameters. Figure 7 shows the design

of one such probe. Separation of the

probe from rocket permitted decreasing

the perturbations created near the

Figure 7. Schematic of an Instrument
for Investigating the Ionosphere. tion that the experiments with such a

surface of the rocket. We should men-

1. Cylindrical Langmuir Probe; 2 probe were the first to establish the
. 5 2.
Guard Rings; 3. Double Probe. inequality between the electron temp-

erature (Te) and the temperature of

the surrounding gas (Tg) in the ionosphere [31].

In 1960 - 1961 in Japan during rocket launches a probe was used with a
small characteristic surface [34]. The probe consisted of two crossed wire
rings at an angle of 90°. The wire diameter was 0.1 mm and the ring diameter
was 4 mm. A voltage of 100 V was supplied to the rings and the ion current
was measured. In carrying out the experiments it was assumed that the probe
operates as a compact spherical probe. The value of the photocurrent in such
a probe is loﬁ. To obtain data on the concentration of positive ions uti-
lizing such a probe,it is necessary to carry out experiments in a gas dis-
charge tube for the purpose of establishing an empirical dependence between

the current on the probe and the ion concentration.

An interesting measurement program utilizing the probe method was done
on the American satellite "Explorer VIII" [35]. Flat diode and triode traps
of charged particles were installed on board. It was found for the first
time that in the diurnal variation of the electron temperature there is a maximum

during sunrise.

On the satellite "Kosmos-2", launched April 6, 1962, flat and spherical
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Figure 8. Traps Used in the Experiments on Board the
Satellite ''Kosmos-2".

a. Spherical; b. Flat; c. Hemispherical; d. Honeycomb.

triode traps were installed to measure n., cylindrical Langmuir probes were
installed to measure n, and Te, and for the first time an ion trap was used
with a "honeycomb' adapter to measure Ti (Figure 8) [36 - 38]. The ion

tran with the honevcomb adapter is a triode device consistine of a collector
and an antiphotoelectron grid serving to suppress the photocurrent from the
collector and an external honeycomb adapter connected to the satellite body.
The honeycomb adapter consists of a set of tubes adjoining one another, i.e,
the "honeycombs'. It is obvious that the directional properties of such a
trap remain the same as in a single tube, but the collector current increases
in proportion to the number of tubes. With the given shape of the tube the
form of the dependence of the collector current relative to the vector of

the incoming current is determined by the ion temperature (Ti) and the ion

173

/107



l,ag?

Flo,4 7, Ty

\
48

\\ w_
wf | |
a vir
21 g4}

1000 o sm gzt
Tt ,°K /

Figure 9. Computed Dependence of the %, } —J - L
Function F on Temperature T, for ¢ = Gy wree ing o5
0 and for R/L = 0.1057, 01 ions, Ve-
locity of Satellite u = 7.5 km/sec. ﬁigure 10. Example of Experimental

Recording of the Collector Current
from a Honeycomb Trap, Obtained on
the Satellite "Kosmos-2".

mass. The collector current in such a trap is determined by the expression
R .
Io=esun F 1|J,—L—, Ti), (14)

where e sun, is the current in the trap when T = 0 and the velocity vector
coincides with the -axis of the cross sections of all the traps; u is the
speed of the satellite; s is the sum of cross sections of all the tubes; F
is a function which determines the dependence of collector current on orien-
tation and temperature; R/L is the ratio of the cross section of the tube to
the length; ¢ is the angle between the axis of the trap and the velocity /108
vector of the satellite. The function F when T, # 0 is a quintuple integral
which is not expressed in analytical form and must be computed on an elec-
tronic computer. The results of the computation for the trap installed on
board the satellite "Kosmos-2", for § = 0 are shown on Figure 9 [37], from
which it is clear that the maximally possible current in the trap (with
coincidence of the axes of the tubes with the velocity vector of the satel-

lite) depends strongly on the temperature of the particles. Let us mention

that the relationship with orientation (¢) also depends on Ti' Such a de-
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Figure 11. Simultaneous Recordings of Currents from the Langmuir
Probe and the Ion Trap on the Satellite "Kosmos-2".
a. Semilogarithmic Curve (Points) and the Function Ii = f(V) (Lines);

b. Time Dependence of the Collector Current in a “Honeycomb”
Ion Trap.

pendence of the collector current, in a "honeycomb” ion trap on

Ti permits determining the temperature of the ions with sufficiently good
accuracy. An example of an experimental recording of the collector current
from the honeycomb-type trap obtained during the flight of the satellite
"Kosmos-2" is shown on Figure 10. Figure 11 shows the characteristics of the
cylindrical Langmuir probe measured during the flight of the satellite "Kos-
mos-2" simultaneously with the dependence of the collector current from the
honeycomb-type ion trap. The results of the computations for these character-
istics give an electron temperature which exceeds by more than

two times the values of the ion temperature [38]. This indicates an absence
of thermal equilibrium in the ionosphere at altitudes of the F2 layer. From
the methodological point of view it is of interest to look at the expression
shown on Figure 11: Iz = f(Vp). In fact, the correlation of the values of

n, and Te computed by two methods according to (4), (5) and (8) shows that
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Figire 13. Theoretical Form of
the Volt-Ampere Curve of the
Spherical Ion Trap in the Casge
of Recording Ions with Different
Magses, and its Derivatives.

in measurements of ionospheric plasma
the conditions for utilizing (8) can be
easily satisfied.

Figure 12 shows graphs of the var-
iations in positive ion concentration
along the orbit of the satellite "Kos-
mos-2", plotted in the form of a func-
tion of altitude above the Earth. The
value of n,_ was obtained according to
data from the system of flat traps in-

stalled on board the satellite [39].

Analysis of the volt-ampere char-
acteristics of the spherical ion traps,
installed on board the satellite "Kos-
mos-2", permitted investigation of the

altitude distfibution of ions at altitudes of 500 - 700 km. K. I. Gringauz
and M. Kh. Zelikman [19] first showed the mass-~spectrometric possibilities of

ion traps on board a satellite.

Such a possibility follows from (11). Fig-~

ure 13 shows the type of volt-ampere characteristic of the spherical ion trap

in the case of ions being preserit in the ionosphere with different masses.
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This same figure shows the first and second derivative of the current with re-\ /109
spect to voltage. Thus, the ion trap on board the satellite is the simplest mass-
spectrometer with a low resolving power. However the ions of oxygen, helium

and hydrogen, the basic ions at altitudes above 300 km, may be different in

the case of significant relative concentrations. Graphic differentiation of

the volt-ampere characteristic from the ion trap yields significant errors.

Ori the Anglé-American satellite "Ariel I" launched April 26, 1962, the
differentiation of volt-ampere characteristics was done by superposing two

low-amplitude harmonic signals (b1 sin w, t + b2 sin wzt) onto a sawtooth-

1
varying voltage. Wheti the low—amplitude harmonic signal is superposed onto

the siowly varying voltage, the volt-ampere characteristic i = £(V) may, for

any given voltage on the probe V., be expanded in a Taylor series:

0

(b1 8in @y £ -} bysin @y £)
2

i =1 (Vo) + (brsin o ¢ 4 by 3in wat) f* (Ve) + " Vot .. (15)

From (15) it is clear that the first derivative of the volt-ampere charac- /110

teristic is proportional to the frequencies w, and Wy s and the second de-

1
rivative (aftet transformation) is proportional to the term containing

w, *+ w Thus, if we make the medsurement of current at frequencies of w, or

2 1° 1
Wo3 Wy + w; or w, = w;, we can find the first and second derivative of the

volt-ampere characteristic with respect to voltage.

To measure the ion composition and temperature we used a spherical diode
trap with mesh enclosure diameter of 10 cm and collector diameter of 9
cﬁ [40]. To measure the electron temperature we used two flat probes with a
guard ring, one of which was installed on a rod (about 1 m long) and the
other directly on the surface of the satellite [41]. The amplitude of the
harmonic signals was 35 and 54 mV, respectively, for frequencies of 500 and
3000 Hz. The form of the second derivatives of the ion branch of the volt-
ampere characteristic obtained on the "Ariel I" is shown on Figure 14. From
this figure it is clear that O+, H+ and He+ ions can be easily distin-
guished. We should mention that the half-width of the peaks on Figure 14 is

determined by the ion temperature so that the second derivative of the ion
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Figure 14. Experimental Recording of ‘

the Second Derivative of the Ion

Branch of the Volt—Ampere Curve of Figure 15. Latitude Dependences of

the Spherical Trap, Obtained During Concentration and Temperature of

the Flight of the Satellite "Ariel Electrons at an Altitude of 1000 km
1". from the Data of the Cylindrical

Langmuir Probe Installed on the
Satellite "Explorer XXII".

branch of the volt-ampere curve of the probe, installed on board the satellite,
permits measuring Ti [42]. To study the mass composition of the ions we can
also use the flat ion trap as was shown in the experiment on the satellite

"Explorer VIII" [35].

A spherical trap was used on board rockets and satellites for measuring

the temperature and concentration of electrons [24, 43].

Cylindrical Langmuir probes were successfully used for measuring the ion
concentration and electron temperature on board the satellites "Explorer XVII"
and "Explorer XXII" [44, 45]. As an example,Figure 15 shows the results of
measuring the concentration and temperature of electrons obtained using the

cylindrical Langmuir probe on board the satellite "Explorer XXII".
To decrease the influence of photocurrents on the results of the probe

measurements, which is especially important for experiments conducted at

altitudes above 1000 km, we can use modulation traps in which the input
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the photocurrent from the collector
remains constant. Figure 16 shows

the modulation trap used for studying

1 ”,.m.”. Y' WUW - solar corpuscular streams (solar

Figure 16. Modulation Trap for wind) on board Soviet space ships

Studying Solar Corpuscular Streams. [46, 47]. The modulation trap per-
mits decreasing the influence of the
photocurrent by approximately 106
times.

Let us look briefly at the high-frequency probes which are widely used
for measurements in the iodosphere. Included in this group of probes are

instruments in which the ionospheric plasma influences the circuits which

carry the high frequency. The terminology has not been established for this
group of probes as yet. The high-frequency probe methods of measurements
basically can be divided into two groups: the method of the resonance probe
(or high-frequency probe with a floating potential) and the methods of im-

pedance probes (antenna, capacitor and radio-frequency probes).

The resonance probe method is based on the fact that when a high-fre-
quency voltage is fed to the probe an increase takes place in the constant
component of the probe current and, when the frequency approaches the
plasma frequency a resonance increase in the direct current occurs. If the
frequency of the high-frequency voltage is less than 10% of the plasma fre-
quency then the increment in direct current is independent of frequency and is
determined by the expression [48].

"Ai=1iolo ({%), (16)

where io is the current of the probe in the absence of a high-frequency vol-

tage, I0 is a modified Bessel function of zero order, A is the amplitude
of the applied voltage, e is the electron charge and k is the Boltzmann

constant.
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From (16) it follows that the ratio of increases in the probe current /112
for two different amplitudes of the high-frequency voltage A1 and A2 is
determined (for known A1 and AZ) only by the temperature of the electrons Te.
In using this method of measuring Te it should be borne iq mind that the probe
must have a negative potential relative to the plasma. Otherwise expression

(16) can not be used.

The discovery of a resonance increase in the probe current by Japanese
scientists when the frequency of the high~frequency voltage approaches the
plasma frequency caused considerable interest throughout the world. With the
initial interpretation of this phenomenon it was assumed that the resonance
increase takes place at a frequency which coincides with the plasma frequency
and therefore this method gives a very simple and reliable method for mea-
suring the concentration of electrons. However,development of the theory
[49 - 54] showed that the resonance takes place at a frequency O which
differs from the plasma frequency wpl and is determined (without allowing for

the influence of the magnetic field and the collisions) by the expression

(Dpl

mre§=-ya4.@b@§; ’ a7

where rP is the-radius of the probe, r_ is the Debye radius, k is an empiri-

D
cal constant which expresses the thickness of the space charge layer near the

probe in Debye radii.

Allowance for the collisions leads to a smoothing out of the resonance
effect. The influence of collisions on the resonance frequency and the value
of the probe current (at this frequency) can be ignored under the condition

OpegS> V2 (v is the frequency of collisions). Allowance for influence of

the magnetic field leads to a change in ®oog [52].

Expression (17) is applicable only under the condition o << m%j (wH is
the cyclotron part of the electron). If this condition is not satisfied

" then we must have knowledge of wy.
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By the middle of 1966 this method had been attempted several times in
the laboratory and in the ionospheric plasma [52, 55]. The results of these ex-
periments confirmed that the resonance does not occur at the plasma frequency,

but that © og is determined by the approximate expression (16).

The various so-called impedance methods are based on measuring var-
iations in capacitance, input impedance, or emission impedance of a
probe to which high frequency is applied. In several experi-
ments, transmitter antennas were used as the probes and were installed on
board rockets or satellites for communication or other purposes, and in
several experiments specially designed probes were used. The measurements
are made both at frequencies above the plasma frequency and at lower frequen-
cies including the cyclotron frequencies of electrons and ions. The use of
measurements at cyclotron frequencies began after the discovery (in the ex-
periments with the ionospheric station on the satellites "Alouette I" and
"Explorer XX") of reflections on these frequencies and .on the hybrid frequency

ﬁh(H;;Vfgj;7%?,, where f 1is the cyclotron frequency and fp is the plasma

1
frequency.

Figure 17 shows the equivalent circuit of an impedance probe used in

experiments on board satellites and rockets, and called a standing wave

impedance probe from the way that measurements are made [56]. 1In this case,
if the influence from the magnetic field and the collisions can be ignored,
for the electron concentration we find the expression

f2(MHz) Go Az
e = ""806  Ci Az (1/oCo) (18)

where C2 is the capacitance of the antenna in free space, C0 = C1 + C2,

C1 is the capacitance of the circuit which bypasses the capacitance of the

antenna, Ax is the variation in the reactive component of the antenna impedance.

In measurements with high~frequency probes in the ionosphere it should /113
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Figure 17. Equivalent Circuit of a
Standing Wave Impedance Probe.

Cl is the Capacitance of the Circuit
Which Bypasses the Antenna Capaci-
tance; C2 is the Antenna Capacitance

" in Free Space; £ is the Dielectric

Constant of the Medium; Rl is the

Resistance of the Circuit; R2 is the

Active Resistance Combined with the
Radiation Resistance of the Antenna;

L1 is the Inductance Introduced for

Matching the Antenna with the Trans-
mission Line; L2 is the Inductance

of the Antenna Itself.

be borne in mind that the high-fre-

quency field exerts pressure on the

plasma near the probe (as a result the

electron concentration (ne) may be
lowered [57]1) and that the measure-
ments are made in the space charge
layer which surrounds the probe in
the plasma (see above), in which n,
differs from n_ in the unperturbed
ionosphere. For the purpose of re-
moving the influence of pressure

created by the high~frequency field,
the amplitude of this latter should

be lowered. Allowing for influence

of the space charge layer may be done

by the method of successive approxima-

tions (ng, is first determined without

allowing for the space charge layer and

then the thickness of the space charge

layer is computed under the condition that the probe potential is known,

after which n, is again computed, etc.).

It is possible to eliminate the

influence of the space charge layer by varying the probe potential, but in

this case it is necessary to measure the zero-potential of the probe relative

to the plasma, i.e.

measurements similar to the method of the Langmuir probe.

We should mention that the influence of the space charge layer on

measurements using high~frequency probes may to some degree be taken into

account by using several frequencies and that this influence is practically

absent if we use effects on cyclotron and hybrid frequencies; however

in this latter case we must have knowledge of the magnetic field strength.

The most interesting results using the impedance methods are those ob-
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tained on Soviet rockets [58],
American rockets and satellites [59]
and the Anglo-American Satellite "Ariel
" [60].

The large variety of probes used

in the ionospheric experiments is due

to the fact that better methods are

a N 5 TN B T TS I

»* 1

being sought both from the viewpoint of
Figure 18. Simultaneously Measured accuracy of the measurements and
Altitude Distributions of the Con- simplicity of the equipment and inter-
centration of Charged Particles from etation of the me ment results
the Data of Different Methods. pr asurement results.

In many of the experiments, the results
1. Dispersion Interferometer and Ion
Trap (Points); 2. Ionospheric Sta-
tion on the Satellite "Alouette I"; different methods are compared for the
3. Station of Incoherent Scatter-—

ing.

of the measurements obtained by the

purpose of evaluating their reliabi-

lity.

Figure 18 shows the results of charged particle concentration measure-
ments carried out simultaneously using a dispersion interferometer and
ion trap installed on a rocket, the ionospheric station on board the
satellite "Alouette I", and on the station of incoherent scattering [61].
From Figure 18 it follows that the altitude distributions of the charged
particle concentration obtained by the various methods coincide within mea-

surement error.

Simultaneous measurements were made on the American rockets using the
various high-frequency methods and spherical and cylindrical Langmuir probes
[55]. These measurements confirm the conclusions on the high-frequency

methods given above.

Simultaneous measurements were carried out on Soviet geophysical

rockets for electron concentration both by the method of a dispersion
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interferometer and the method of

probes,and for electron temperature

measurement results show that the

altitude distributions

-a
~of n, are symbatic although the
Figure 19. Schematic of the Measure- values of n, from the probe data are
ments. less than the values of n_ from the
a. Langmuir Probe; b. Diode Trap; = dispersion interferometer data.

o Tri .
¢ riode Trap Figure 19 shows the schematic of the

measurements using a flat Langmuir
probe and flat diode and triode traps; Figure 20 shows their semilogarithmic
characteristics [63]. From Figure 20 it follows that the results of measur-
ing Te using various probes agree within measurement errors if there are no

deviations from the Maxwellian velocity distribution.

THEORETICAL COMPUTATIONS AND EXPERIMENTAL DATA ON THE
INFLUENCE OF PERTURBATIONS, CREATED BY A MOVING
SATELLITE, ON THE MEASUREMENT RESULTS

It was noted above that one of the singularities of measurements
using ionospheric probes is measurements on board a satellite whose
orbital velocity exceeds the thermal velocity of the ions by approximately
one order. This leads to the formation of a perturbed region behind the
satellite (with respect to the velocity vector) where the ion concentration

differs substantially from the ion concentration in the unperturbed

ionosphere [19]. For the measurements using the probe method it is of in-

terest to examine two problems:

(1) Whether the parameters of the ionospheric plasma vary near the

satellite outside this region;

(2) The distribution of the equipotential surfaces near the satellite

or spherical ion trap.
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using various probe methods [62]. The
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Evaluation of the effects of ioni-
zation and heating of the gas due to
particles reflected from the satellite
shows that for the real parameters of
the ionosphere and the dimensions of
078 the satellites these effects can be
ignored [64].

Without pausing for a detailed
examination of the various theoretical

computations of the structure of the

perturbed region near a rapidly moving

satellite [64, 65], let us note that

a,i for the theoretical computations we
> use dimensionless parameters, i.e.

the ratio of the characteristic di-

mension of the satellite R to the

v
o x e
g Dy ™

Debye radius r ’and the relative value

D
N of the satellite potential,which char-

W acterizes the ratio of the energy eV
acquired by the particle in the

Figure 20. Semilogarithmic Character- satellite's field to the thermal

istics. energy of the particle kT. At the
1. Langmuir Probe, Te = 2400° K; present time we have been able to
2. Diode Trap, Te = 2500° K; analytically obtain the asymptotic
3. Triode Trap, Te = 2300° K. distribution of the basic physical

values at large distances from the
satellite for (R/rD) << 1 and for

(R/rD) << 1 under the given assumptions as to the smallness of the relative

value of the potential; therefore for computation of the structure of the /116

region near the satellite we use computational methods.

Figure 21 shows the lines of equal potential close to a metal sphere which
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Figure 21. Equipotential Surfaces Near a Metal Sphere Which Absorbs
the Particles Incident on It.

>> 13 b. R/r_ << 1.

a. R/r D

v

absorbs the particles incident on it, for the cases (R/rD) >> 1 [64] and
(R/rD) << 1 [65]. On the drawing it is clear that the equipotentials have a
spherical shape on the front (with respect to the velocity vector) of the
satellite. Thus, the theoretical computations give a basis for assumptions
concerning the movement of ions in a spherically symmetric field near the
ion trap, which was done in deriving expression (11), since the ions are

basically incident on the front of the ion trap.

The experimental results on studying the distribution of ion concentra-
tion near the satellite agree qualitatively with the results of the theory
[23, 35). As far as the distribution of electron concentration near the
satellite is concerned, the following should be mentioned. Since the thermal
velocity of the electrons is approximately one order greater than the rate
of movement of the satellite, this latter can not change the distribution

of the electrons. However,from theoretical arguments it follows that

186




Y

~emmrsmmso oy,

because of the electrostatic forces the electron concentration distribution
(ne) in the perturbed region to the rear of the satellite must agree with the
distribution of the positive ion concentration [64]. The experimental data
on this question are contradictory: some results show zero n, behind

the satellite [41l], and some results show that the n, behind the satel-

lite is lowered in comparison with the unperturbed ionosphere by a factor of

no more than 2 {38].

From the data given in this section it follows that in setting up the
probe measurements on board satellites it is necessary to take into account
the possibility that the probes will enter the perturbed region behind the
satellite and that the data obtained in such cases pertain to this region

rather than to the ionospheric plasma.

PROSPECTS FOR USING THE PROBE METHOD FOR
IONOSPHERIC RESEARCH

The fact that probe measurement results are completely independent of the
characteristics of the ionospheric region far from the probes, as already
mentioned above, makes these methods quite promising for investigating the
ionospheric structure. It especially should be mentioned that it is possible to
investigate the inhomogeneities and nonstationary phenomena using probes.

The choice of one or another type of probe will depend on the characteristics
of the bodies on which the experiments are carried out. The complexity of
interpreting the probe measurements and the large amount of primary data ob-
tained in the experiments on board the satellites and rockets, requires a
careful use of the methods involved and the creation of methods for inter-
preting the primary results of the measurements directly on board the satel-
lite or rocket, as well as developing programs for computer processing.

Here it is necessary to bear in mind that in studying new phenomena or pro-
perties which had previously been unknown, using the method with an a priori
given system of interpreting the results may prevent these investigations

from being carried out.
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Developing methods for investigating the ionosphere will require pre-
liminary testing and since the ionospheric plasma is an ideal medium for using
the probe method, in certain instances testing under laboratory conditions is
not sufficient and it is necessary to conduct methodological experiments
directly under ionospheric conditions. Such treatment will permit obtaining
reliable methods for use, not only in the ionosphere, but also in laboratory

plasma.

The fact that the form of the electron branch of the volt-ampere curve
in the case of retarding potentials is independent of the configuration of
the probe permits a probe of any shape to be used for measuring the concentra-
tion and temperature of electrons. However the possibility of using a part [117
of the volt-ampere curve with attracting potentials and the influence of the
magnetic field give a basis for selecting the Langmuir probe with a cylindri-
cal shape. In fact the use of a flat probe does not permit utilization of the
region of attracting potentials to obtain information. The use of a spherical
probe involves certain difficulties caused by the fact that, to decrease the
influence of the magnetic field on the shape of the volt-ampere curve, the
radius of the sphere must be less than the cyclotron radius (which at alti-
tudes of about 300 km is on the order of 3 cm). The surface of a spherical
probe which satisfies this condition is small; furthermore, the spherical
probe should be set up on a rod which, with the small radius of the probe,

must disturb the structure of the electric field.

A long cylindrical probe may have a large collecting surface with a
small radius; the cylindrical rod in this case will not disturb the symmetry
of the electric field, but on the contrary will serve as a protective electrode.
It is feasible to increase the distance between the probe and the body of the
satellite (or rocket) to make the measurements outside the space charge lay-
er which surrounds the satellite (or rocket). However for determination of
the electron concentration using such a probe, it is necessary that it be

oriented in a direction near to perpendicular with respect to the force lines
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of the geomagnetic field. Failure to satisfy these conditions will have no

effect on determining the electron temperature.

The use of Langmuir probes, which is desirable because of their simpli-
city and the theoretical possibility which they give for obtaining (from one
volt-ampere curve) information on the particle concentration with charges
of both signs and about both energy distributions, should be confined during
daylight hours to those regions of the ionosphere in which the flows of
charged particles to the probe exceed the flows of photoelectrons emitted
by the probe. TFor a valid evaluation of the degree of reliability of deter-
mining the electron concentration using the probes we must make additional
theoretical and experimental investigations, since from the results of com-
parison with other methods it follows that the probe measurements give

smaller values than do the results of other methods.

The Langmuir probes and the probe methods based on analysis of the volt-
ampere characteristics should be used with care in studying the regions of
the ionosphere below 100 km, since the mean free path of the particles
in these regions is small; it is true that there are individual theoretical
attempts to justify operation of the probes under diffusion conditions
(see [16 -~ 18]). 1In these regions the high-frequency methods have the ad-
vantage,since at altitudes below 100 km the probe potential can not be high

and the thickness of the space charge layer plays a small role.

At high altitudes with small concentrations the use of high-frequency
methods is complicated by the space charge layers. In these regions the
charged particle traps including modulation traps, are advantageous

for research.
To investigate the ion temperature it is feasible to use "honeycomb'-

type traps, similar to the trap used on board the "Kosmos-2". Here it shonld

be remembered that the accuracy of determining the ion temperature will de-
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pend on determination of the variations in orientation of the trap relative

to the velocity vector of the oncoming flow.
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RADTOPHYSICS RESEARCH OF THE IONOSPHERE BASED ON THE
PROPAGATION OF RADIO WAVES FROM ROCKETS

AND SATELLITES(1)

V. A. Misyura

ABSTRACT. Radio-physical ionospheric investigations
can be used for direct measurement of effects arising in
propagation of radio waves. These are: Faraday effect

(angle ¢, and ”frequency”'<1><I> of rotation of the plane of polar-
}

ization),the environmental correction to the Doppler shift, a cor-
rection to the phase and group path (phase |AL| and group
|AR| "lag"), refraction, incoherent scattering of radio
waves and some other effects. Then the required para-
meters of the ionosphere are found according to the mea-
sured effects and to the data on the position and move-
ment of the beam(a reverse problem). These effects are
also interesting for investigation of their own properties.

The paper presents a brief analysis of basic radio-
physical methods for ionospheric investigations with the
help of artificial satellites and rockets and of the most
important data on ionospheric parameters (mainly of the
outer ionosphere) obtained by means of them.

Radiophysics research of the ionosphere includes, as we know, the dir-
ect measurement of certain effects which set in during the propagation (or
(2)

re-emission) of radio waves from objects in space . Then, based on the

measured effects and the data on movement and position of the object in

m The present article reflects the viewpoint of the author, which is
not the generally accepted one. An alternative viewpoint is reflected in the
works of K. I. Gringauz et al., "Geomagnetizm i aeronomiya", Vol. 5, No. 4,
1965, p. 762; Vol. 6, No. 3, 1966, p. 568; W. T. Ross et al., J. Geophys.
Res. (Preprint), October, 1967.

(2 By objects in space we shall imply in general satellites, rockets
and spacecraft, planets, masses of plasma, astronomical sources of
radio waves, and other natural and artificial formations in the ionosphere
and above,which emit or re-emit radio waves.
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space, these or other physical parameters of the ionosphere (inverse problem)
or other effects are determined which can not be measured in any manner

L3

directly. These effects may be of independent practica and scientific

interest.

So, sometimes (for example, in radiophysics and in the process of radio
measurements), we may find it convenient to look at these effects themselves
and certain generalized physical characteristics of the ionosphere and the
radio signal rather than proceeding to the electron concentration or to
other generally accepted ionospheric parameters. This is especially the case
since the tramnsition, associated usually with solving the "inverse" problem,

may involve considerable difficulty

Basic among effects measured directly are: the Faraday effect

(the angle &_ and the "frequency" 5¢ of rotation of the polarization plane),

L]
corrections for the Doppler frequency shift due to the atmosphere in com-
parison with a vacuum, for the phase and group path of the radio waves (phase

(AL)and group (AR) radio wave lag; refraction, distortion of the signal

shape, radio wave scattering apd other effects.

The basic parameter of the ionosphere (especially for radiophysics),
obtained from further interpretation, as we know, is the electron concentra-
tion of the ionosphere N(4). Instead of N (or in addition to N) we often
use a parameter which is dependent on the distribution of N in space, i.e.

the total (integral) electron content No in the vertical column or in the

(3 For example, in the practical problems of radio communication,
radio navigation, radar and radio measurements associated with the flights
of objects in space.

(4) Or the "effective" electron concentration which takes into
account the influence not only of electrons but also of ions on the refrac-
tive index of the ionosphere for the radio waves.
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column inclined along the line of sight NOL of the ionosphere of a unit

cross section extending from the observation point to the object in space.

Among the other parameters which might be determined for the ionosphere, are the
kinetic temperatures of the electrons Te and ions Ti and their gyrofreq-
uencies, number of collisions v of electrons with heavy particles of the
ionosphere, its ion composition and also several derived parameters and /121

effects; parameters of neutral particles etc.

The atmospheric parameters, just as the effects which take place with the
propagation of radio waves, may contain both a regular and an irregular com-

ponent.

The advantage of radiophysics measurements on the propagation of radio
waves from satellites is the possibility of obtaining the dependences of the
measured values on latitude and longitude over large areas of the Earth's

surface.

On the other hand when using geophysics rockets with a vertical traject-
ory we can make the measurements over the entire thickness of the ionosphere
up to the altitude of rocket ascent for a brief time in one set of observa-
tions, but at limited distances from the site of the rocket launch. Further-
more, each test using the geophysics rockets is significantly more expensive

than the experiment using artificial Earth satellites (AES).

Let us pay the greatest attention to the method of coherent frequencies

and the method of the Faraday effect as the ones most widely used at the
(€))

present time. To a lesser degree we shall touch upon the methods based

on the use of group lag, ionospheric refraction of radio waves, etc.

(5) For measuring the parameters of the ionosphere we use the methods
of probing the ionosphere above the satellite and the method of incoherent
scattering of radiowaves of the ionosphere; they are the most promising,but
are as yet insufficiently used.
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METHODS BASED ON THE USE OF THE FARADAY EFFECT, THE
DOPPLER EFFECT AND THE PHASE LAG OF RADIO WAVES
AT COHERENT FREQUENCIES

The methods studied are based on measuring the Faraday effect (5¢ and
@Q) and the so-called normalized difference in the Doppler frequency shift
of coherent waves and the corresponding normalized phase difference &, pro-
portional, respectively, to the rate of change in the phase lag and the lag

dt
objects in space. The method using the Faraday effect began to be used for

P dAL .
itself (Ohf———-,mﬁvAL) of the coherent radio waves, propagating from

determining the neutral electron content in the entire ionosphere of the Earth
even before launching of satellites with lunar radar measurements (Brown, Evans
etal. [1, 2, 3]). After geophysics rockets and especially satellites began to be
launched, this method found widespread usage, and based on measurements of ¢ and
o it appeared to be a more precise,although more complex,method. This so-
called method of the "difference" Doppler effect of coherent frequencies is
based on the familiar method of "dispersion interferometer" which was

proposed back in the 1930's by L. I. Mandel'shtam and N. D. Papaleksi [4]

and then used by Ya. L. Al'pert, V. V. Migulin, P. A. Razin and others for
measuring the phase.velocity of radio waves at the surface of the Earth

with a high degree of accuracy. This method was used for ionospheric mea-
surements with the assistance of rockets abroad [5, 6] and in the Soviet

Union (K. I. Gringauz, V. A. Rudakov [7, 8]) and with the assistance of satel-
lites (Ya. L. Al'pert et al., [9 - 15]). In the foreign literature we can see

a modification of this method as evidenced by the method used by Seddon-

Jackson [3, 5, 6]1.

The initial expressions for both methods for the case of dependence of
the refractive index of the ionosphere n on the three coordinates X1 9.3
E i 4

and time can be represented approximately with an accuracy up to small
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values on the order of

(6)
(p. 138)] and [16].

We use the expressions and definitions given in [11, 12,

@ ([a]<€1, n= V1+ag1+—%‘—-, a=_ka-2j

Qg ~ by AL+ Cy, @ ~ AL 4 C,
AL=—0,5 k {72N,,, No=N,snf ,
R zp
Nop=\ Naz, No= Naz,
] o
B

sinB’:No(S NsinB"l)—ll, reosB’=r, cosB,,
0

R

EL = (S Ndea:l) N;I]_.' ,
.0

b=1"g,

O~apVp+ Vgl + ks

O~ agbr gV + Vo pl' +1; +9,

I= R\ =y, adzy,

Oty

Vol =Valg + Velo

(6)

1)

(2)

(3)

(4)

(5)

(6)

(7

(8)

9)
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V]

Definitions in these formulas are the following: f is the effective fre-
quency; k is a known constant; r,» T represent the distance from the center
of the Earth to the observation point A and to the instantaneous point of the
beam, respectively; Zgs 2 represent the altitude of the radiator B and the
instantaneous point of the beam over the surface of the Earth; R is the dis-
tance from A to B; R', BA represent the angle of elevation of the beam at

the instantaneous point and at point A, formed with the plane of the horizon
at the respective point; fL is the projection of the gyrofrequency on the
beam at the instantaneous point; Cl’ 02 represent the constants of integra-

tion; VTB is the velocity component of the radiator transverse to the
beam; VB’ Ve are the components of VTB in the vertical plane, passing through
points A and B, and in the plane perpendicular to it and passing through A
and B (i.e., VB,s are the components of VTB along the axes X, and Xy, Tes-
‘pectively, transverse to the beam); the integrals I' and Ié are found res-
pectively from I and It in (8) - (11) by substituting abL for a. The variable
components It and Ié in formulas (6), (7) can usually be ignored for mea-
surements on board satellites up to altitudes X 2000 - 3000 km [16], and in
measurements with the assistance of rockets, up to altitudes less than the

) |

altitude of the vertical ascent of the rocket

With movement of the radiator along the beam (along R) we can pro-
bably measure the electron concentration NB along the tréjectory of the
object [in the right hand side of expressions (6), (7) we need take into

account only the first term] with a high degree of accuracy if we use the

@) At this point it is possible to measure the ionospheric variables

I"

It’ t
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independent measurements of % or é¢; the combined use of & and éQ reveals in
this case the theoretical potentialities of an independent measurement of
the geomagnetic field (parameter bLB) along the trajectory of the object.
This situation exists in particular in observations at the site of vertical
launching of geophysical rockets. Apparently the first correct and most
accurate measurements of the vertical profiles N of the outer ionosphere

were obtained mainly in this manner by using ) [7, 8, 31.

In all the works published prior to 1960 where the electron concentration
NB was measured from the registrations of % and éQ from the AES signals,
the value of NB was determined approximately at one point or on a small seg-

ment of the AES orbit where all terms except the first could be ignored in

the right-hand side of expressions (6) and (7).

The method of chains of equations proposed by Ya. L. Al'pert [17] and
developed and investigated in [11l, 16], is interesting in that it permits
an approximate determination of the electron density NB along the AES orbit

on a significant segment of it.

This method, as we know from [11, 16, 17] involves the fact that if we
neglect the change in.o and I in equation (6) or (7) (Ao =ap — 0y =0, Al =

- = i AV =V -
I I 0) and take into account the change in Vg and VTB (Vg R, v

2 1 Ry
4 0, AV =V -V # 0) known from orbital data for a certain interval
4 T3 TB2 TBl
of time At = ty =t equation (6) [or (7)] is formulated for two moments of
time tl and t2; as a result we find a system of two equations relative to

the values of the two unknowns o and I for the interval At. The lack of
sufficient analysis of the accuracy of the method stimulated a more detailed
investigation and development of the method [11, 16, 19, 20] as well as the

criticism [18].

The sufficient conditions for applicability of the method of the '"chain"
were cited in [11] and the necessary and sufficient conditions in [16, 18,

20]. Reference [16] investigates the theoretical and experimental possibi-
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Figure 1. Dependence of the Quantity IB-a—l on Altitude h for Different

Angles of Elevation BB = const (80, 60, 45 and 300) for a Parabolic-
300 km, b2 =

Exponential Model with the Parameters: zy = 150 km, z

£2572 = 0.1, Where f

0 is the Critical Frequency for Various Values of

0
the Ionosphere Altitude.

a. H =100 km; b. H = 250 km.

lities of realizing these conditions for the practically attainable values of
the error in determining Ng. It was established that the "chain" method
permits determination of NB along the satellite's orbit with an error which

usually does not exceed 20 - 307 of the wide range of AES orbital types and

states of the ionosphere.

In the various methods of interpreting registrations of the Doppler
and Faraday effects by using expressions, (6) and (7), a substantial role

(especially in the ''chain' method) is played by the relationship in (6)
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Figure 2. Computed Function IB-a-l for the Model.

a. H =100 km; b. H = 250 km.

between IB and oy (Figures 1 - 3) [27] or in (7) between IB' and aBbLB(S)'
(9), then the smaller is the error of the "chain"

The smaller the ratio IB/ aB
method [16] under stable equal conditions. The dependences of IB’ op and

(8) In the case of a stratified atmosphere or when the horizontal grad-
ient component along the Xg axis can be ignored, as well as in the tests on

rockets in the general case Ie =0and I = IB. The dependence of Is on the

coordinétes (I # 0 in the presence of horizontal gradients N) is analyzed
in [16].

) It is obvious that when this ratio is sufficiently small, then NB
is determined from (6) or (7) automatically, since in these expressions
only the first term which contains NB can be left.
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-1 on altitude z, computed (Figure

J+ —f:;“a Ta's
Y 2) ]21] and experimentally obtained
5% from the spaced reception of signals /125
h? from the geophysics rockets [11, 16,
—45% 22, 23], for the various values of the
26 angle of elevation BB illustrate a fact
2 0 that is essential for accuracy of the

-' - ’
ritan’
“chain" method that for the real iono-

Figure 3. Experimental Dependence of sphere with an altitude-variable value

I and aB on h and BB’ Obtained from

the Spaced Observation of Signals >
from Gegphysical Rockets [19, 20]. 1 b, Figure 2 b) the ratio aBIB

remains significant up to high alti-

of the normalized altitude H (Figure
1

tudes (v 2000 - 3000 km) and rapidly drops with decrease in BB. This fact
also ensures the allowable (< 30%) error in the "chain" method (Figure 4).

Figure 4 shows the values of a_ along the orbit of the "Elektron-1" corres-

B
ponding to the given model (Figure 1) and computed from the 'chain" method
(for the given model using (6) the values of IB and ¢ are computed and then
from them by using the "chain" method, the value of o was again determined

and compared with the value of o in the given model).

Similar investigations showed the applicability of the "chain" method
to expression (7) for the Faraday effect. Table 1 gives an example of com~
puting the relative error 8a in the "chain method (ch) for.a parabolic-
exponential model of the ionosphere (z0 = 180 km, z = 322 km and Hl =
300 km up to z < 600 km and H, = 800 km for z > 600 km, b~ = 0.1) for one
flight of the "Elektron-1" on February 25, 1961 over Kharkov (velocity com-
'ponentsiof the satellite VR and VB and the coordinates Zps BB are also
shown on Table 1). It is easy to see that even for small angles of eleva-

tion of the given AES flight the precision of the "chain" method is still
applicable.

Thus, the value of oa in Table 1 was computed as the difference in
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Figure 4, Dependence of N for the Given Model (Solid Line) and that
Computed by the "Chain" Method (Broken Line) on Flight Time (Moscow)
over Kharkov of the Satellite "Elektron-1".
a. March 7, 1964, z, = 447 - 413 - 510 km, model; b. March 11, 1964,
zg = 626 - 480 km; c. February 25, 1964, zg = 680 - 820 km; d.
February 6, 1964, zg = 1110 - 1420 km.

values of o from the known model of N and computed by the "chain'" method.

Under the experimental conditions we find the main distinction to be

that the real model of the ionosphere is unknown and oo is computed from the

imprecise model obtained from the experiment. The question naturally arises

as to how much this latter value (oche)(lo) differs from the real error.

Analysis showed that the errors do not differ strongly when they are /127

not very high (£ 30%). This agrees with the convergence of the known model

(10 O0p.e is the error in determining Cps found as the difference

in values of a,, computed by the "chain" method and the corresponding impre-
cise method obtained in the experiment.
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TABLE 1%

"Moscow) :

Time of observation|thaiMse [ 508 a2Moot 168 ‘o 508
£g km 795 | 823 837 851 805 | 910
Bgs deg 2,7 | 26,0 | 25,5 | 25 23,4 | 22,8
eprdeg 36,6 | 42,8 | 45,7 | 48,4 55,5 | 57,6
Vg, km*sec 3,38 | 4,04 4,33 | 4,60 5,29 5,48

| v kmesec™ —0,85 | —1,27 | —1,46 | —1,62 | —1,99 | —2,08
—ag 10 (model) 32,5 | 314 30,8 | 30,3 | 28,7 | 28,2
—ap 10 ("chain") | 29,5 | 25,1 37,5 | 22,9 | 208 | 34,7
cay % =oNp, % 10 ~20 22 25 27 12
5, oxp ¥ 12 18 21 23 26,5 11
— 1100 0,59 | 0,50 | 047 | 0,4 0,34 [ 0,81

TABLE 2 *
ime of obsegvatioJ 2.7 1958 r. 8.6 1958 r.
o on.
& §°°‘f’)‘ 20haamsos 3008 | 308 | 508 | tabgsmios | semoos | 08 | srmoos

Zg km 347 325 | 339 |348 | 69z | 701 |[724 | 747

Bps deg 21,16 | 20,43] 18,19 | 16,29 39,13 | 44,29 52,08 55,55

&g deg 326,46 | 338 | 353 | 04| 289 281 |26% |24t

Fg 108, Hz 3,6 | 6,25 8,491 10 | 68 69 |70,5 | 73

Ve km L+ sec —0,602 (—2,27|—4,126] " 4,99) --3,99 |—3,34|~2,07|—0,23]

Vo km L+ sec 2,05 | 23| 28 | 34| 42 | 3,09 2,8 1,5

apby 108 4,75 | 4,85 5,0 | 5,45\ 63 | 6,0 { 5.4 | 4,8

—I108 8,4 | 8,35 8,2 | 84| 4,02 | 4,07| 4,16 4,75H

b p-10° 16,9 | 57 8,4 [14,8] 42 47 | 55 | 60
AV,-108 : : .

A (agh ’

_%.Bl.io* 1,9 | 1,80 1,79| 1,72, 35 | 6,8 | 43 | 2,8
BLB - . . .
v, _ )
— 485 | 53 | 53 [ 47 18 33 | 12 | 49
.V7+4Vf i .
Azl A0 50 [ 60( 641 |62| 5 (.7 5.]5
o Ny % M4 | 62144 |38 25 15 1% | 10

*
Translator's Note. Commas represent decimal points .




of the iteration process in interpreting by the "chain'" method when the
accuracy is naturally satisfied in smoothing out the experimental model after
interpretation. Computation of 00p e must be carried out even for this
smoothed out (preferably by computation on a computer) model.

Bee (GNB, %) [21] from the

registrations of the Faraday effect from signals of the third AES for two

Table 2 gives the data from computation of oca

flights over Kharkov; for small angles of elevation and altitudes (flight

on July 24, 1958, zp = 312 -~ 358 km) and higher (June 8, 1958, zp = 679 -

755 km). Table 2 gives the values of the frequency FQ = ¢¢/2ﬂ, the coordinates
(zB, BB and eB), the velocities (VT, VR) of the satellite and other values
necessary for proving the conditions of applicability of the '"chain" method
[11, 16]. From such a method the registrations of the Faraday effect from

the signals of the third AES at Kharkov were interpreted at a frequency of

20 MHz in summer (June, July) of 1958 and fall (September, October) of 1959
and, from 20 flights of the satellite in each season, the '"summer' and "fall"
vertical profiles N up to an altitude of approximately 1000 km [21] were

plotted (Figure 5)(11). The lower part of the profiles was| plotted from
the data on the vertical probing. These profiles agree with the data ob-

tained using other methods [24].

The basic results of determining NB along a rocket's trajectory {3,
7, 8, 11, 12, 19, 23, 25, 46, 47] and the orbit of a satellite [3, 9 - 13, 19,

20, 26, 27] include the following:

(1) The first correct and qualitatively new data were obtained (1958)
on the vertical profile N of the outer jionosphere from measurements of )
using geophysics rockets; this is especially significant in that the erron-
eous data from [28] had been fairly widely accepted; in [28] the extent

of the outer ionosphere was significantly less than the actual wvalue;

(1D The computations on Figure 6, just as on Figures 1, 2, etc., have
been made by V. A. Podnos.
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(2) It was found that! the outer
ionosphere is "compressed" with transi-

tion from high to low solar activity;

(3) The fact of a stable nonmono-
tonic path of NB was discovered ex-
perimentally along the inclined orbit
of the AES above the F2 maximum; this

has received no .unequivocal interpre-

T %, 5 ¢
1075 -3
el-cm tation as yet.

Figure 5.- Average Vertical Profiles

N, Obtained from the Faraday Effect
of Signals from the Third Artificial (4) It was established that the
Earth Satellite by the "Chain" Method electron density at high altitudes

and Vertical Probing at Khatrkov. (1500 - 2000 km):
1. Summer 1958; 2. Fall 1959.
(a) 1is fairly high

(%’104 el-cm_3) even at low solar activity;

(b) wundergoes less pronounced diurnal and seasonal variations, the

greater the altitude; and

(c) drops with altitude significantly more slowly than at alti-
tudes of ~ 350 - 400 km; i.e. at high altitudes the normalized altitude H of
the outer ionosphere increases strongly, which is due mainly to variation in
the ion composition (high predominance at hig® altitudes of light ions H+)

and also to the increase in plasma temperature.

These facts agree with the results obtained by the latest methods
(12)
]

(probing the ionosphere from above the satellites [3, 26, 29 and data

(12) See the rocket data up to several thousand kilometers [46, 47].
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from incoherent scattering of radio waves by the ionosphere [16, 30, 261).

The most correct information on the total electron content (N0 and NOL) /128

can be obtained (and is widely used [3, 11, 15, 24, 31 - 33]) from measuring
in (1), (2) (for example,

including the moment

¢ or ¢¢ if we can eliminate the constants C1 and 02

in tlie presence of uninterrupted registrations of ¢ or QQ
when the radiator enters or leaves the ionosphere or including the

moment of transit in the lower ionosphere with simultaneous vertical

probing ) or by the simultaneous registration of ® and ¢§- This latter
follows from the fairly general expression obtained by differentiating

(1), (2) with respect to T (see, for example, [24, p. 138]):
bg = kibar+ kB LD,

where kl’ k2 are known constants.

A number of other methods exist for excluding C1 2 in (1), (2) [24, 13 -~
bl

15, 31, 32]. Computer computations using the method of least squares de-

can be converted into N, and Fi can be determined

serve mention [31 - 33]. NOL 0
quite correctly from formulas (2), (4) and (5) by using iterations [11] when
It is easy to determine N by differentiation with respect to Ng
Many publications exist for such measurements.

necessary.

obtained as a function of z.

The total electron content can be obtained simply and quite reliably

from the registrations of ¢¢ at two rather near frequencies. For example,

such measurements have been carried out by us from data on the satellite
The same thing can be done with data from the "Explorer
in (2) can be automatically

"Elektron-3" [24].
XXII" [15, 21, 34, 47]. With this method, C1
dropped and any possible indeterminancy can be eliminated in the relative

position of the antenmas of the radiator and the receiver.

The most numerous, the simplest and apparently the least accurate mea-
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surements of NOL (or NO) were made under several conditions of registering
5® from AES signals at one frequency(la). The reliability of the mea-
surements here was somewhat increased by using two (or three) crossed an-
tennas and also by operating at two frequencies. The corresponding results
of the investigations have been described quite well in the literature. The

measurement errors may apparently reach 20 - 30%.

NOL (NO) and the refraction can be found'approx%mately under certain
conditions from ®¢ and ¢®’ from ¢, ¢ or from QQ and ¢ (see, for example,

{34 - 36]). Essential in measuring the refraction is the fact that usually
the horizontal gradients are not taken into account and this may lead to
significant errors, especially in using satellites. In determining re-
fraction using geophysical rockets, the gradients lying in the plane per-
pendicular to the plane of the beam exert no influence on the measurements,
but those lying in the plane of the beam may be allowed for approximately in

using both rockets and satellites [46, 47].

The vertical refraction AR and the phase lag AL, obtained [34] according
to registrations of o from signals from the "Elektron-1" at Kharkov, as a
typical function of time (Moscow) and satellite coordinates (zB and BB) has
a characteristic minimum which corresponds to the minimal distance of the
satellite (Figure 6). Such a function agrees with theory. The value of AR
and AL may reach (at a frequency of 20 MHz) the order of units of degrees

and tens of kilometers, respectively.

Regular extended horizontal gradients of its parameters often exist in
the ionosphere and these may be significant. The available data are /129

inadequate (especially for the outer ionosphere). Interest has arisen in

(13) 4 are tempted to use the "chain" method for obtaining Np for

the numerous registrations of ¢® accumulated for many years, although it is
only roughly approximate.
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Figure 6.

Vertical Ionospheric Refraction AB and Phase Lag AL

of Signals from the "Elektron-1" as a Function of Time (Moscow)
and Coordinates of the Satellite Based on Observations at a
Frequency of 20 MHz at Kharkov.

1.

AL; 2. AB

the measurement of these gradients [11 - 14, 23 - 25, 46, 47].

Measurements of these gradients can be accomplished not only by vertical

probing by ionospheric stations from below and satellites from above, but also

by the registrations of ¢ or ¢¢, as well as the combined registratiomns of

¢ and ¢

o in the presence of three dimensional equilibrium.

In the event that

geophysics rockets are used for this, the observation points must be spaced

(for measurement of the total horizontal gradient the points must be angular-

ly spaced in two horizontal directions [11, 23]; in measurements on board
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satellites the spacing may be partially compensated by observations at one

point for a sufficiently extended segment of an inclined satellite orbit
[24]).

Using the data about the above-cited gradients we can obtain information
on the regular variables of the ionosphere [16, 23, 27, 34, 36, 37]. Data
on this are significant for ionospheric physics and for developing methods

of ionospheric measurements (especially using ¢ and 5¢).

The basic results of measuring the regular horizontal gradients of ioni-

zation and-variables of the ionosphere are:

1. Horizontal gradients are obtained of the profiles of the entire
ionospheric layer (including the outer ionosphere from observation of the

signals from geophysics rockets at spaced points)(14).

2. It was found that in first approximation the relative regular hori- /130
zontal gradients of ionization Yo and v,

where s is the horizontdl coordinate) and especially the relative regular

instabilities of ionization no and n,

( =t O 1 N
=N o ""TW)

are practically independent of altitude in the outer ionosphere and depend

substantially on time of day as well as on season and solar activity.

(14) Apparently the first profiles were found in [46, 47] for the var-~
iables and the horizontal gradients of N, up to ~ 2500 km.
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Figure 7. The Dependence of n(n-105, sec—l) = aNjot N-1 on
Time t of Day (Local) During the Period October - November, 1962 o
Based on Data from the Satellite "Alouette" in the Region 40 - 45 N.

1. z =400 km; 2. z = 600 km; 3. z = 800 km; 4. 2z = 1000km.

Usually, other things being equal, with an increase inhsolar activity, these
gradients are increased by several times or even by one order. For example,

with transition from high to low solar activity the maximal value of 6N./8t

0
is decreased in order of magnitude from 109 to 108 el-cm 2’sec_1 [27, 37](15).

The instabilities no and n have two extrema in diurnal variation: one

immediately after sunrise and the second before sunset.

The characteristics of the variables N and N0 are shown on Figures 7 -
9. The gradients y and Y, behave like n and g

(15) Even from 1010 [47].
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Pt 3. The relative regular gradients

- Yo and vy are of the same order, they
are maximal at sunrise (they may reach

% tenths of a percent) and are dir-

i ected at this time approximate-

3 1y along the line east-west (+ 7 -
80); by day they are smaller by ap-

zzﬂsec 1 proximately an order and lie ap-

¥ \ proximately in the meridional plane

{5 *7 - 80); at sunset they are also

g

increased. In order of ‘magnitude

they may reach v 10_2 km_l.

5 1782

aN. 4. The irregular component of
Figure 8. Dependence of 75&1” s

instability (produced by the move-
-1 a— aiv_o. N1 -1
sec =~ and W= G N UF sec

ment, onset, development and dis-

on standard time of day t. appearance of random inhomogeneities)

- Third AES -
11959 r: _ 1600 km?egruaﬁglekfigzﬁi" is significantly smaller than the
b 3 . L]

Februray - March, 1964, z = 1000 km; regular component. It may be experi-
3. "Elektron-1", February - March,
1964, z = 415 km; 4. Vertical Probe,

z = szZ. registrations of & from signals from

mentally evaluated according to the
the rockets at spaced points [23, 36].

The irregular components ot ¢ and ¢¢, ¢ and ¢® permit determination
of several "effective" dimensions d of the inhomogeneities and the relative

, o
intensities SN/N of the electron density in them (% z%"zﬁg) , and
e

consequently, plotting of the respective spectra of the irregular effects
and inhomogeneities [3, 10 - 13, 17, 38, 39] as well as their statistical
characteristics [46, 47].

Most complete are the investigations of inhomogeneities by spacing

the observation points.
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ﬁy vvﬁwfsec_l We may also find useful in inter-
N " ' preting the irregular (and the regular)
\ - L] [ ]
vy \\ P/// components ¢ and QQ the concept of ¢
a5t N P and @Qas gradients NOL along the satel-
N
e 7 lite's orbit [12, 39]:
- 1 ] ] 1 H I 3 1 A
T o ¥ ¥ 0 wm X YT X
months
dNoy, dN,
‘Figure 9. Seasonal Dependence of b~v a3 P~V —pg
N -2 -
%53-4Wem ‘sec  Based on Data From
the Satellite "Vanguard - 1" in where V is the velocity of the satel-
the Period April 1959 - February, lite, N._ is obtained from N, by sub-
1960, z = 1000 km. oL OL
stituting abL for the function o in
(3).

Below we give the basic results of analyzing the spectra of the irregular

effects and inhomogeneities.

(16

1. A tendency is observed to the formation of two structures of
large ionospheric inhomogeneities (Figure 10): (a) a kind of "quasi-
undulation" of the basic thickness of the ionosphere (in its illuminated
part) [12, 39]; (b) random cloud structure (in the unilluminated ionosphere

and in the transition period).

2. Two stable maxima are observed for the dimensions of the large in-
homogeneities: 15 - 30 km at any time and 150 - 200 km during the day. The
spectra of the inhomogeneities are expanded with transition from night to

day(l7). Apparently the diurnal variations in the dimensions are more sub-

(16) These facts agree also with the data from the radioastronomical
[40] and correlation [41] measurements of large inhomogeneities.

an See also [47] for certain information on the statistical char-

acteristics, including the correlation functions of the irregular effects
and inhomogeneities.
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Figure 10. Quasiundulating and Cloud Structure of the
Ionosphere (dNOL/ds is the Gradient Along the Path of

the Beam of the Total Electron Content Between the
Satellite and the Observation Point) at Different
Moments in Time (February, 1964).
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stantial than the seasonal variations and are caused by variation in solar

activity; the correlation between dimensions of the inhomogeneities and the

fluctuations in electron density %—v(or %—~§Iiv'v) remain high up to values of

d X 100 km; when d > 100 km this correlation is diminished. /133

3. Small inhomogeneities ( d ¥ 1 km) predominate at night and in the
vicinity of the maximum N in the F2 region.

Comparisons and prospects of the methods of ionospheric measurements

on registering the Faraday and Doppler effects at coherent frequencies:

(1) The method of the Faraday effect is the simplest and cheapest,
but also the least accurate mainly due to inaccuracy in the information on
the geomagnetic field and also due to the difficulties of processing and
interpretation; the method of the Doppler effect at coherent frequencies is
more accurate but requires special receivers and coherent radiation from the
object in space; interpretation and processing in the first case is more com-

pPlex than in the second;

(2) The combined use of both methods, by increasing the information,
leads apparently to a decrease in accuracy (in comparison with the accuracy

of the method of coherent frequencies);

(3) Observations of the effects at the site of the vertical roc-—
ket launch permit determining the vertical profile of the ionosphere with a
high degree of accuracy. Observations of the signals from satellites and roc-
kets with oblique propagation of radio waﬁes permit measuring NB more
roughly but make it possible to measure a number of other effects and para-

meters (total electron content N.. and NO’ the gradients Yo and y, inhomo-

OL
geneities, refraction, etc.).

Therefore it is feasible to carry out simultaneously combined measure-
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ments using geophysical rockets at the launching site and at spaced points,
combined measurements using satellites and rockets, and especially in conjunc-
tion with such promising methods as vertical probing from above with satellites

and the method of incoherent scattering of radio waves in the ionosphere.

For a more precise measurement of the "fine" structure of the vertical
profiles N of the ionosphere (and especially in the "troughs" between the E

and F and between the F1l and F2 layers) the best method in the future will be
apparéntly the method of coherent radio waves emitted by geophysical rockets

and registered in the vicinity of the launch 18 .

The so~called "geostatic'" satellites using the Doppler effect for
coherent frequencies, the Faraday effect and also group delay are convenient ,

for obtaining the time dependences No(t) and in particular the instabilities of

the ionosphere (BNO/St).

In measurements by any of the latest methods it is always desirable

to have a simultaneous vertical probe of the ionosphere.
METHODS BASED ON MEASURING REFRACTION AND LAG

Methods, based on measuring refraction. Based on measurement of the

angles of incidence of the signals from satellites or rockets (either from
natural emitters or re-emitters of radiowaves) whose coordinates

are known or are measured by other methods with sufficient accuracy, we
can also measure the ionospheric parameters and primarily N0 (see, for ex-

ample [42]) with acceptable accuracy.

(18) As well as the method of "incoherent" scattering of radio waves
by the ionosphere, which is examined in the next article. An example of
the combined measurements by different radiosphysics methods is shown in

[46].

218



A peculiarity of the refraction methods is that they are effective at
rather small angles BB. At the same time the methods based on the Doppler
and Faraday effects give an acceptable accuracy for rather large BB. Con-
sequently, these and other methods mutually complement each other. However

the accuracy of the refraction methods is usually low.

The method of the so-called "radio rising" and "radio setting" is based
on measuring refraction at the zero angle of elevation of the beam. It was
first proposed and used by Ya. L. Al'pert in the first measurements of the
outer ionosphere using satellites (the first AES, 1957) for an approximate
determination of the parameters for the a priori given model of the iono-
sphere [43](19). The horizontal ionization gradients were not taken into
account. New results have been obtained which pronerly characterize the
considerable extent of the ionosphere and agree with other measurements. The
method has more than historical significance. It can be used also in the
future in the simplest observations of mass, especially in the simultaneous
use of radiation at two frequencies (it permits allowing for tropospheric
refractions, facilitates exclusion of the cases of a complex propagation
path, etc.). With a slight complication of the experiment, an approximate

accounting of the horizontal gradients of N is also possible.

Method based on measuring group lag. In addition to the well-known
and important use of this method for vertical probing of the ionosphere
from the Earth and from above from satellites, the method permits determin-

ing N, with a high degree of accuracy in the general case where n depends

0]
on three coordinates and t, using two or more modulation signals.

Here it is not completely necessary that one of the frequencies be very
high; it is sufficient only that both frequencies exceed the critical fre-

quency of the ionosphere by several times.

(19) As is done usually in all methods in which the initial measured
value is some kind of integral effect.
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Among the most interesting data on the outer ionosphere obtained by
probing from above from satellites, we should mention the information on
the relationship between the ionospheric profiles and geographic coordinates,
and the discovery in particular of deep troughs at the levels N = const because
of the unusual previously unknown horizontal gradients in a limited latitude
region in the large layer of the outer ionosphere [3, 29], and also the dis-
covery of resonance phenomena at the natural frequencies of the plasma. The
described method, along with the method of incoherent scattering, is the
most promising for investigating N of the outer ionosphere. We can hope that
the wide-spread usage of these methods must in the immediate future introduce

significant clarity into the physics of this region.

Of the other radiophysical methods of investigating circumterrestrial
plasma, we must mention the radioastronomical methods (see, for example,
[40, 44, 45]), the use of whistling atmospherics and low-frequency waves in
general [3, 43], the methods of the impedance probe [12] and others,
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TONOSPHERIC MEASUREMENTS USING THE METHOD OF INCOHERENT
SCATTERING OF RADIO WAVES BY THE TONOSPHERE

V. A. Misyura, G. N. Tkachev,
V. Ya. Bludov and Yu. G. Yerokhin

ABSTRACT. In principle, the incoherent-scattering
method makes it possible to take regular measurements of
ionospheric parameters in half-space around the observation
point at distances of up to a few radii of the Earth.

In addition to measuring the electron density, this
method can also be applied to measuring the temperature
of ions (Ti) and electrons (Te) and ion composition.

MAIN POINTS OF THE METHOD

The methods employed for investigating the outer ionosphere using /136
radio waves propagating from rockets and satellites, just as other methods
(probe and radioastronomical, vertical probing, lunar radar, etc.) may have
a number of disadvantages such as limitations in the number of measurable
parameters, irregularity in the measurements, indeterminancy in the location
of the region to which the measurements pertain, or,on the other hand, locali-
zation of this region (for example, measuring N only along the orbit of
the emitters, only from one side of the ionosphere [above or below], or
measurement only of the total electron content up to the trajectory of the
object), etc. At the same time it is important to obtain N regularly as
a function of three instantaneous coordinates throughout the entire iono-
sphere (outer and lower) and also to increase the number of measurable para-

meters (Te, Ti’ ion composition, etc.).
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There is a new method for investigating the ionosphere, based on the so-
called "incoherent" scattering of radio waves by the ionosphere, that is free
to a significant degree from these disadvantages and which supplements the
previous methods. In particular, this method apparently permits, in theory,
obtaining regular measurements of the ionospheric parameters in the half- space
around the observation point out to a distance of several earth radii [1]. In
addition to the electron density N, it is possible to measure Te’ Ti’ Te/Ti
as well as the ion composition of the ionosphere. The new prospects of this

method have created considerable interest among scientific circles.

The basis of this method is scattering by the ionosphere of radio signals
whose frequency significantly exceeds the maximal plasma frequency of the
ionosphere:

N ax

[ —_
max — ——
pl € ’

where e, m are the charge and mass of the electron; €9 is the dielectric

constant in a vacuum in the practical system of units; Nmax is the maximal

value of N. The initial measurements are the intensity P_ and the spectrum ¢
s w

of scattering, which depend on the parameters of the plasma.

In 1958 Gordon first [1] noted that in probing the ionosphere by modern
high-potential USW-range radar, it is possible to record signals

scattered by the free electrons of the ionosphere.

The phenomenon of electromagnetic wave scattering by free electrons
(Thomson-type scattering) has been known for some time in physics. Assuming
the fluctuation phases of the free electrons to be random and equally probable,
Gordon suggested that the scattering by electrons will be "incoherent" and
consequently the powers dissipated by the individual electrons must be com-

bined and independent of the frequency w The total scattering intensity of

0°
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the irradiated volume V of the ionosphere must therefore be proportional to
the number of electrons in this volume, and consequently, it must be pro-
portional to the product of V times the value of the mean electron concen-

tration N in this volume and be independent of the frequency of emission Wy

When pulse radars are used, the volume V is determined (Figure 1 a) by
the width of the radiation pattern of the radar antemnna and by the duration
of the emitted pulse 1. The extent of AR along the radar beam R of the
scattering volume V, and consequently, the resolving power of the measure-

ments of N along R will obviously be equal to AR = 1/2 ct, where ¢ is the
speed of light in a vacuum ( wy >> wpl,max and therefore with a

high degree of accuracy the group velocity of the signal in the ionosphere
is equal to c). The mean distance R to the volume V is defined as R =

1/2 cAt, where At is the interval of time between emission of the probe
pulse and the arrival of the scattered volume V of emission. Usually

R > AR and VaR3ARQ, where Q is the solid angle of the radiation pattern

of the antenna.

In view of the fact that the power scattered by the volume V, when it
is irradiated by one pulse, is quite small, it is technically possible to
increase the energy of the scattered signal received by summing the scattering
energies of a large number of pulses (many thousands), using modern storage
circuits. Because of the pulsed operation of the radar it is possible also,
for the irradiation to distinguish successively different regions of the
ionosphere V along the beam and to determine the varying distance R to these

regions from measurements of At by what is called strobing. Thus we can find

the N profile along the radar beam.

We can distinguish the scattering volume V and determine the distance R
to it also with continuous emission (so-called bistatic equipment, the ad-
vantages of which we shall discuss below). For this (Figure 1 b) we space

the antennas of the transmitting and receiving equipment. Then
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s syl

V is the volume of the mutual over-
lapping of the radiation pattern of

/ both antennas. If we shift (‘'scan')
the radiation pattern of the recei-

ving antenna along the angle of ele-

<%

vation, then the volume V will be
shifted along the vertical (of
course another variation is also possi-

ble, i.e. shift of V along the slope).

As far as the spectrum of the /138

Figure 1. Shaping of the Scattering scattered radiation is concerned, in Gor-
Volume V (Shades Area). don's opinion, it must then differ
b

a. Using Pulse Radar; b. Continuous from the irradiation spectrum by the

Radiation (Bistatic Equipment); Doppler frequency shifts w due to the

1. Transmitting Equipment; 2. Re-

ceiving Equipment With Scanning of

Angle of Elevation (Depicted by the electrons V> which determine the

chaotic thermal velocities of the

Arrows). electron temperature Te' Consequently
Te can be determined from the width of
the scattering spectrum (0 ~ g2e ~ 0y V' T2) (l).

Since fluctuations arise in the electron density AN because of the
thermal movement of the electrons we can then interpret the scattering of
radio waves as scattering on these fluctuations. For the following discussion

let us introduce the concepts used in physics (see, for example, [1, 2]):

1)

6, =jr 2sin?g

(1)

Since on the average in the ionosphere v X 105 m'sec-l, then for

the frequency f, = w0/2ﬂ = 40 MHz, we would expect the width of the scatter-

0
ing spectrum to be » 100 kHz.
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1s the effective scattering cross section of a single electron, i.e. the
ratio of the amount of scattered power per unit of the solid angle in a

given direction to the density of the energy flux incident on the electron,
where r, = e2/mc2 is the classical radius of the electron, 8 is the angle
between the vector E of the incident wave and the direction of the scattered
radiation. In particular, in % for backscattering of an electron, rz = 8.10

10_30m2. Analogously we introduce the effective cross section ¢ of the

system of scatterers or the total (integral) scattering cross section and the
spectral or differential scattering cross section 0 (wyt-®)or O i.e.,
the effective scattering cross section per unit of spectral width of the

scattered rédiation, mutually related in the usual manner:

+0c0
6= S 6 () do. (2)

A relationship, obtained by a number of authors (see, for example, [3], p. 68,
[4, 5, 6]), exists between 9, for the volume V and the fluctuations AN of

electrons in this volume:

0w = 05V, | AN (q, 0) |* 3)
. —_ - AN ) .
where q is the wave vector equal to kinc kfefl’ | (g, o)) is the mean

square value of the modulus of the Fourier-transform for the fluctuations

AN(r, t) in electron concentration.
As mentioned, Gordon assumed [1] that the ionospheric electrons scatter

the incident radio waves incoherently. The total scattering cross section

of the free electrons ¢ per unit volume V in computing (2) will be

6=6¢N, (4)

i.e. it agrees with the Thomson formula. By definition
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The presence of ions, whose influence on the electron motium was not
taken into account by Gordon, makes AN(q,w) dependent on the movement
of the ions because of the existence in the plasma of a self-consistent
Coulomb interaction between electrons and ions. This leads to another (in
addition to the mean free pathj(zlharacteristic dimension, i.e., the Debye

radius of the electrons:

d= kBoT ~
- l/ V2 9pl (5)

where k is the Boltzmann constant, Ve is the average thermal velocity of the /139
electrons. The scattering of electrons in the general case of an arbitrary
relationship between A and d will no longer be purely incoherent. The influ-

ence of ions on the excited motion of the electrons is manifested all the

stronger, and consequently, the deviation of the scattering from Thomson

scattering by free electrons will be all the greater as the following in-

equality is satisfied more strongly,

A d,
= (6)

and vice versa when A<€d , formula (4) is again found to be valid (see,

for example [2 ]), i.e. the influence of the ions on the scattering of

radio waves is not manifested, It is clear that in this latter case

many A are packed within the limits of d, and the movement of the electrons on an
interval equal to A may be assumed uniform, i.e. independent of the ion

movement.

The first experiments conducted by Bowles in 1958 [7] showed that the

(2) 1In the rationalized system of mks units.
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scattering intensity is less than that predicted by Gordon by approximately two
times (when Te = Ti)’ and the spectrum is substantially (by an order or more)
narrower. The reason for this latter, as Bowles correctly assumed [8] in

his qualitative theory, involves the influence of Coulomb

interaction between the electrons and the ions(s) which Gordon did not take
into account. Subsequent, including stricter, theories of incoherent scatter-

ing [5, 6, 8 — 10] took this fact into account and were found to be in agree-

ment with experiment.

In Reference [8] Bowles studied the scattering of radio waves in an electron

gas introduced into a viscous medium consisting of positive ions. The density

of the ions was assumed to be variable, and relatively slowly fluctuating

(in comparison with the more rapid fluctuations of the electron density) due

to the thermal velocity of the ions. Accordingly the electrostatic field of

the ions also fluctuated alowly. It influenced the fast fluctuations in

electron density and caused it to fluctuate like ions, i.e. more slowly.

Then the scattering intensity was determined as previously by scattering on

electrons(4),and the spectrum was determined by the thermal velocities of the

ions, which are naturally less than the thermal velocities of the free electroms.

This also led to a narrowing of the scattering spectrum.

In the present qualitative and simplified examination of the concept of
the incoherent scattering method, the more complex acétual picture of the

phenomenon

(3) Condition (6) was reliably satisfied experimentally [7, 8], since
A=7.3m, and d varies from fractions to tens of centimeters between F2 and

the magnetosphere.
“) The ion scattering power is obviously much less than the electron
and can be completely ignored (for ions of atoms of oxygen O+, of hydrogen H

+
and helium He and an electron of radius r, it is respectively equal to:

9.6:1072%; 1.54-1071%; 3.84-1071%; 2.82-1071° m).
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associated with the effect which the temperature imbalance of ions and elec~-
trons (Te>Ti)’ the multiple-component nature of the plasma, the geomagnetic
field, collisions, the nonmonochromaticity of radar emission etc., have on
incoherent scattering was not taken into account. These problems will be
covered in the sectlions concerned with the initial quantitative data for the
method taken from the modern theory of incoherent scattering and also in
sections dealing with the method of processing and interpreting experimental
data. For the present let us confine ourselves to mentioning that under the
influence of the magnetic field, temperature imbalance and the multiple-
component nature of the plasma, this latter appears to be a complex system with
many degrees of freedom in which the increasing number of types of waves,
fluctuations and resonances must be reflected in the phenomenon of radio
wave scattering, thus complicating its utilization in the method, on the ome
hand. and increasing the useful information on the parameters of the ionos-
pheric plasma and the physical processes in it, on the other. In particular,
a large number of characteristic dimensions are found (gyroradii of various
sorts of ions and electrons, their mean free path, the radii of correlation
of the fluctuations and their density, the Debye radius, etc.) whose relation-
ship with the wavelength of the radar emission should theoretically affect
the intensity (PS ~ o) and the spectra 9, of the scattered radiation. How-
ever in a strict examination it was found (see below) that the magnetic

field may influence the shape of O but when Te = T, it can in no way in-

i
fluence Ps' The influence of the presence of several sorts of ions, and
especially the temperature imbalance, is more complex and usually substantial.

The collisions may have significance in the lower ionosphere.

INITIAL RESULTS OF THE THEORY
Let us cite the basic results of the modern quantitative theory of

electromagnetic wave scattering by fluctuations in electron concentration

(see also [13, 18, 43]).
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To simplify the analysis let us look at two typical modifications: (1)
The plasma is isothermal (Te = Ti) and the constant magnetic field is taken
into account; and (2) The plasma is partially nonisothermal (Te # Ti but
the temperatures of the different ions are identical), and the magnetic field
may be taken into account or (for simplicity) not taken into account. Such
an approach, without limiting the generality, permits establishing the most
fundamental relationships for scattering intensity (PS " g) and spectra = of
scattering as functions of: (1) d, A and the gyroradii R of the
ions (Ri) and the electron (Re) in the first wversion; and (2) d, X

and Te/Ti in the second; it also permits evaluating the influence of ion com-

position of P and o .
s w

The case of isothermal plasma in allowing for a constant magnetic field.

The basic assumptions of the qualitative theory [8] are given above. In sub-
sequent qualitative theories for Te = Ti [6 - 10], similar [8] models of plas-
ma. were used that consist of electrons and ions. The problem was solved both
by ignoring and by allowing for the magnetic field, which was assumed constant,
as is near to actual conditions that exist in the irradiated volume of the
ionosphere. With a strict examination it was found that allowing for the mag-
netic field does not affect the intensity of the scattered radiation(s), but
under certain conditions may influence the shape of its spectrum [6 - 10]. To
compute the sﬁectrum of the scattering intensity we used the generalized Ny-
quist theorem which in application to plasma is valid when Te = Ti(6) (though
this does not always occur in the ionosphere). The cross section %% obtained

in these papers is quite complex and is expressed through the effective tensor

(3 When T >> Ti the value of PS already depends on the magnetic field
[39, 40].
(6) A nonisothermal plasma (Te # Ti) may be assumed to be in quasi-equili-

brium (because of the significantly slower exchange of energy between electrons
and ions than between particles of one sort) and consequently we can use
the Nyquist theorem (on the influences of collisions; see [38, 44]).
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of plasma conductivity which contains the product of three temsors, each of

the elements of which is in turn a complex function of a number of parameters.

Let us give the basic relationships and results of their analysis by

following these papers.

As we know, to obtain in explicit form the expressions for o and o, vwe
must compute [AN{g. @)* .| For this, in the studied case T = Ti T, we can
use the generalized Nyquist theorem which confirms that if the system of
particles is influenced by the generalized force F which produces in the
volume V the particle flux y, then the mean square of the modulus of the :Lth

component of the Fourier transform for the fluctuation in flux is equal to
[ — 2kT
[ Ay: (4, @) I*= 77 Re (Y (4, o)}, (7)

i.e. it is proportional to the real part (Re) of the conductivity tensor of /141
the particles Y. 1In application to this problem assuming in such case that
the externally applied force is small and influences only the electrons (the

other assumptions will be examined below), when Te = T,, by introducing the

i’
effective conductivity tensor of the plasma Y', we can write (6):

AN (q, 0)*= Re {qY"q)

aVw?

or by directing the z-axis of the rectangular coordinate system along ¢ and

taking (3) into account, we obtain

Cun == Ce ',‘3' Re{Y.:} .

where the effective conductivity tensor of the plasma Y' is related to the

tensors of the electron Y® and ion Y conductivity by the expression

Va=[(r= ) (v - 5)7r),

233



where

ict o
D=7 (7= 57) 1 —aa].

and I is the unit tensor. If, for convenience, we introduce the dimension-

less tensor y and the matrix g for the expressions

No Neo
Yij= k¥Tq T Yii Dyj= Wgﬁ.
we ultimately find
%% =No, Re {”i} , (8)
no

where

y;z=[(3/f_g) (!I"f'.'/f"'g)_" Y2z, ©)

1—V= N‘: I-VC.

Thus, the problem of finding the effective scattering cross section is
reduced to finding the tensors of the electron and ion conductivity. It can
be solved by two methods: the orbital method -- by integrating the equa-
tions of motion of the particles,and by solving the kinetic Boltzmann equa-
tion. Although the first method is physically obvious, the second is

mathematically more strict.

The rather complex expression (9) for the tensor of the effective con-
ductivity y; , and consequently expression (8) for % in the specific case

of inverse scattering under the condition

( (:-o )2>(”,;_‘:)l/.secx (10)
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may be significantly simplified and written in the form

)

u=1—vae Re{ R Yiz -+ jdg*
mo v+ YE, + jdg (11)

where
£ cos?
Yyp=j +630xp {—10‘— (p'x sma._z_ - ﬂ’_l} dt;
_m_(m '/._ a( Ve 4. eB
e=-\zzp) ; =, 2kT) =R Q=05 3

Q, R are the gyrofrequency and gyroradius of the charged particles; B is the /142
magnetic field strength (inductance); ¢, ® are the normalized gyrofrequency

and Doppler frequency
Q Q o)
("’”T"‘w:- 0~ )

is the effective frequency; X is the acute angle

d is the Debye radius; W
and the magnetic field strength B.

between the vectors q = kinc = krefl

For electrons and ions the expressions for Yzz, ¢, ¥, m, £ and R must
have the superscripts i and e. Condition (10) is satisfied, for example,

for protons when

&
fo= 22 =50 MHz and ;M "’l:‘1= 10 MHz for 0<% <894

Expression (11) permits simplifying, analyzing and plotting the respec-
tive curves, which are found to be different for different relationships
between = M4n | the gyroradii R® and d and ri Accordingly we
can distinguish five characteristic cases: (1) V< R°<< R' ; (2)
M~R<R; (3 R<IVZR; (4) R<KV=R ; and (5)
R<R*<xi . Illustrations. of the computations are shown on Figures 2
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Figure 2. The Spectrum * J,3 Figure 3. Scattering Spectracajgﬁ-
. , + + e
(Ordlzate Axis) for 0 when Te = for 0 when Te << Ti =T, Re~ e R
I, R® << A << R' as a Function of as a Function of 0= 1720¢ with
P=01/ " 1/ ™ 1720° Various x for A >> d.
q 25T m,
(for 0+).
a. NM>dGa>d s b. A' < d for

Various x.

My
and 3. The normalized Doppler frequency 0‘=%—(§Zj}—) is plotted along the

Vs,

abscissa; N~ ' 1is plotted along the ordinate; x is the parameter given

on the curves.

Let us mention that R® and R' in a real ionosphere Vary(7) with altitude

just as d varies. Cases (3) and (4) most often are valid in fact.

The spectra Ty in Case (3) depend substantially on the degree of close-
ness of the angle x to /2 and are different when @/A 21 ; for A >d
(Figure 2 a ) for small angles x the spectra o, are double-humped, wide and

flat. Physically the second hump corresponds to scattering by ion-accougtical /143

7 In the vicinity of the F2 maximum at middle latitudes, RS and RT
for atomic ions of 0+, H' and He' are on the order of 10 - 1, 1000 - 300,
300 - 100 and 500 - 200 cm, respectively.
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waves having a resonance character. As we shall see below this effect appears
more clearly in the absence of a temperature balance (Te # Ti) in the plasma.
With the approach of yx + 7w/2 the spectra become single-humped, are narrowed
and become higher; when A' < d (Figure 2 b) the spectra 9, for any x are

single-humped; when x + /2 they are sharply narrowed and extend upward.

In Case (4) when A' < d the spectra g, are the same as in Case (3); when
A' > d and with sufficient nearness of x + n/2, for S the appearance of maxi-
ma are characteristic (Figure 3) near values of the frequency that are
multiples of the gyrofrequency of the ions and electrons(B). With a decrease
in x these maxima are shifted, decreased and disappear altogether. Physical-
ly the "bursts" g, » at frequencies multiple to the gyrofrequencies of the
ions, are associated with scattering by ion-cyclotron waves having a reson-

ance character.

As far as the other cases are concerned we can mention the following.
In Case (1) when A << Re’i, equivalent to the vanishingly small magnetic
field, %, does not depend on the angle x, and when A' < d the spectrum %
will be determined by the thermal velocities of the electrons. In Case (2)
A 1is comparable with Re; therefore, the spectrum has maxima at the harmonics
of the gyrofrequency of the electrons mg. When A > d, these maxima are
slightly shifted and when A >> d narrow maxima appear in the spectrum at the
harmonics wg,
Case (5) is similar to Case (3), i.e., the spectrum is narrowed with increase

but they are several orders smaller than in the case of A << d.

in x from 0 to w/2.

Scattering of electromagnetic waves by fluctuations in the electron

density of a nonisothermal plasma. In the real ionosphere, often T, > T,

and this may be substantially manifested in the intensities and the spectra of

(8) Since 6'~ ¢V mi/m,.
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scattered radio waves. On the one hand, the method of incoherent scattering
caused the processing and interpretation of the measurement results to be

complicated, but on the other hand new possibilities are opened for obtaining
supplemental information on the parameters of the plasma and processes taking

place in it.

The theory of incoherent scattering when Te # Ti has been developed in
recent years by a number of authors [5, 11, 12]. Basically we shall follow
Fejer [4, 5]. He made his study both by allowing for the magnetic field and
without. He took into account the presence of several sorts of ioms. In
the theory a number of other assumptions were also made: (1) the ioniz-
ed gas is quasineutral and the ionization is total; (2) the forces which
act on the electrons are small, the nonlinear effects are not taken into
account, and the external field acts only on the electrons; (3) of the ex- /144
ternal fields only the constant magnetic field can act on the gas; (4) the
electrostatic field is a Coulomb field of electrons and ions; (5) the
velocity distribution of the particles may deviate from the Maxwellian only
because of Coulomb forces; (6) the frequency of the incident wave exceeds
the plasma frequency and the gyrofrequency significantly, as well as the fre-
quencies of collisions of all the particles contained in the ionized gas;

(7) the collisions between particles can be ignored; and (8) the fluctua-
tions in electron concentration are quasistationary relative to the frequency

of the incident wave.

All these assumptions (and especially those from the fifth to the eighth)
in the real ionosphere are usually satisfied. Let us confine ourselves only

to certain comments.

Although the total ionization part of the first condition is exact, and

is not satisfied nevertheless,the frequency of the incident wave significantly
exceeds the frequency of collisions of the electrons with other particles,

including neutral particles, so that the presence of these latter plays no
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role. We should perhaps make corresponding evaluations for the lower re~
gions of the ionosphere (D and E). We can not eliminate the possibility

that the colliéions which increase the "viscosity"” of the medium will lead to
a slight narrowing of the spectrum O and also to a smearing of the differ-

enct resonance 'bursts'" in 9, (including the gyrofrequencies).

Although the condition of quasineutrality for the earth's ionosphere
apparently is satisfied, in the literature,however, there are other indications
[13, 14] that at altitudes of 20 - 160 thousand km the electron energy may
exceed the ion energy by approximately 100 - 1000 eV. If we attribute this to
a disruption in the quasineutrality of the plasma, then this may lead to
such a strong electric field (with a strength of Ey X a- 4)'10-2 V/cm) that
we can not eliminate the possibility that it will influence the spectra ST
If the method is used for measurements at these altitudes, then this must be

taken into account.

As far as the second condition is concerned, apparently we must have
corresponding evaluations, for example for such a possible situation when
one and the same volume of the ionosphere is simultaneously probed by two

powerful radars.

The third assumption is reduced under ionospheric conditions to neglect-
ing the force that acts on the electrons from the side of the Earth's electric
field. The evaluations showed that the force of the geomagnetic field ex-
ceeds this electric field by several orders (v 4).

Although in the earth's ionosphere in the absence of Coulomb forces the
assumption as to a Maxwellian velocity distribution of the particles is
satisfigd, for the theory under study this is not necessary. We may assume
other velocity distributions for the particles which will lead to other

formulas for ow.
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The heating of the electrons by the probing wave or by emission from

another radar may apparently be one of the reasons for disruption in the

Maxwellian distribution.

The possibility of ignoring the "heating" can be

easily figured based on the known (see, for example, [15]) condition for

_ignoring this:

where E0 is the strength of the irradiating field and

B=)/oE

is the strength of the "plasma" field; Yo
collisions in the equilibrium plasma; 8§ is the amount of energy transmitted

by the electron during the collision.

ties Ei

and Ep in the regions D, E, and F

(12)

is the effective number of electron

The results of evaluating the quanti-

€))

strengths of emission are illustrated in Table 1.

of the ionosphere for various

T
Region of Iono- w0~10_3, sec”l | E 10_2, mV/m E,» mV/m
sphere P
1 Mw Mv 10 Mw
-
D 1 32 1.5 3.4 4.8
10 32
E 1 27 1 2.2 3
10 27
F 1 19 0.3 0.7 1
10 190
(9 The parameters of these regions are taken in the limits of the
usual values (v, = 107, 7-105 and 103 sec~l, z_ = 60, 90, 300 km, T = 300,

200, 20000 K for the D, E, F regions, respectively).
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Although from Table 1, it follows that condition (12) is satisfied,
we can however not eliminate the possibility in a weak field (Ei < Ep) that
nonlinear effects may take place which, on the strength of their specific
nature, may be distinguished in measurements by the method of incoherent

scattering [16] and in particular may expand the possibilities of the method.

According to Fejer [5] with the above assumptions, the Fourier transform
Sj of the fluctuations in concentration of particles of the jth sort consists

of two components

Si=Sr5+S!J’: (13)

where Srj is the component of Sj which is determined by the known method of
electron fluctuations in the absence of Coulomb interaction between parti-
cles; Sfj is the component of S, that is detefmined by the presence of Cou-
lomb forces (fluctuations in charge density ez;;ZJ‘SJ‘ directly produce the
fluctuating electric field which in turn produces fluctuations in density
Sfj). Existence of a proportionality was assumed between fluctuations Sf.

and the charge density

5;5=55§2535»

where Zj is the relative charge of the particle of jth sort (for the electron

j=1, Z1 = -1); Ej is the coefficient of proportionality.

To compute Sfj by solving the kinetic equation we determined the devia-
tion Af(v) of the velocity distribution function f(v) for electrons from the
Maxwellian distribution produced by the fluctuating electric field of the
plasma E, which is associated with the charge density in the usual manner

eodivE = er Z;8;.y
By integrating Af(v) over the space of the velocities we determined the value

of Sfj’ and consequently also o,

The final expression for Ow may be written in the fomm /146
V‘— n
6:‘ g, = At Q[‘N101+B'z Q7' N0, 14)
j=12
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where

n

1—2) 2% AN
A=|—2 1, B=| —

t— Sz 1— 1z

j=t j=1

Q= exp(— 0*Q;?); Qj=q |/ %%,
_ ;
un-}'

§jmmZid;? 7 (20071.0; S expydy +i V& 0! Q; — 1)

[}]

w is the deviation of the frequency in the scattering spectrum from the fre-

quency w, of the primary radiation; O is the effective scattering cross

0
section of the free electron;

=C Nalt A B
% ll/ VZm

d.T,, m., Zm are the Debye radius, the kinetic temperature, the mass and
relative charge (relative to the unit charge; for the electron j = 1, Zl =
-1 and for a singly ionized positive ion of any sort 2%==1);01==}/q%§

is a constant; €9 is the dielectric constant of the vacuum, the index "1"

pertains to the electron, q = k&efl' mn-—— k is the Boltz-

1nc
mann constant, n is the number of sorts of charged particles in the plasma.

The values in formula (14) are expressed in a system of mks units.

Formula (14) is also the solution to the problem formulated without
taking the magnetic field into account. The value of % determines the
scattering energy per unit of density of energy of the incident wave, per
unit of the solid angle, per unit of the scattering volume and per unit of
spectral width of the stray radiation. The integral scattering cross section
o and consequently the strength of the stray radiation PS as well, is

determined in the usual manner from T, i.e., using formulas (2) and (3).
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et ame

=

If we vary the ion composition and temperature of the charged particles
and use (14), we can obtain all the diverse spectra ow for the multicompon-

ent plasma in the presence and absence of a temperature balance.

Analysis of formula (14) shows that the scattering spectrum 9, consists
of two parts: a wide high-frequency electron part (the first term), where
w v oqvy (ve is the mean thermal velocity of the electrons) and a narrow
low~frequency ion part [the other terms in (14)](10), where w v qv, (vi <<
ve). The intensity o, of the electron part is everywhere significantly small-

er than the ion part.

In the electron part of the spectrum o, there exists a maximum (plasma

"peak'") which corresponds to the plasma frequency wpl e of the electrons.
’

It becomes significant when A' ¥ d, narrows with increase in A' and when \'
>>d precisely corresponds to w 1.e° In the presence of a magnetic field it 147

is shifted slightly and is found at the hybrid frequencies [13]

Q2 cos?y
20)"1‘51e

W = O

ple™

where Qe is the gyrofrequency of the electrons. It is assumed that wpl e
?
>> Q

For illustration the following dependence is shown on Figure 4

- ——

Va e @
I_Vrf w OTL ~_-ql/ 2kTy

We can assume that this narrow component of the spectrum ¢ arises
during scattering by coherent fluctuations AN in the form of damped
acoustical waves, which occur as part of the thermal fluctuations in

the plasma.
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Figure 4. Dependence of Scattering
Va
Spectra on frequency parameter G“_RF? greater TO.
- e
9‘-_—.1 m, \
q ZkT;) when A>>d for various
Eé.i 1 when H = 0.
T,
i
Ti'
(*>d) is found to be proportional to m;”YT,;

for different values of the ratio.r0 =
te/Ti as a parameter for the practi-
cally significant case A >d-(A>-d).
The plasma here is two-component and
contains only one sort of ions (0+).
Most characteristic in this case is
the above-mentioned presence of a

maximum when

7. — oV ET, /T \ (D
T (m_q]/T"T 7:—)

which is more clearly expressed the
Physically it corres-—
ponds to scattering by ion-acoustical
waves having a resonance character.
Landau damping for these waves is
small when Te significantly exceeds
The spectral width in this case

, and the increase y of

this maximum above the value Oy when w = 0 is a function of'ro, which is

sensitive to change in the ratio Tg=T /T..
e’ i

This shows the theoretical

possibility of determining Te and Ti separately from the spectrum ¢ if
' w

m, of the two-component plasma is known.

The normalized spectra are not

very sensitive to change in the sort of ions (change in mi) in a two-compon-

ent plasma and the relationship between ions of known compoesition.

Figure 5 shows from Reference [5] the change in the spectra % with

variation in the relationship between components of a known sort of three-

component plasma (electron and ions of atomic oxygen 0+ and hydrogen H+)

(i1)

ion-acoustical waves.
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when Te = Ti =T and A >> d. Along

the abscissa 1s plotted the value

oy
0° =—r ';;‘—OT , and along the ordi-

q
SN oV v/ o
nate ~Q, = g I/ﬁ%-,N=NH+No~

(the index "“0" refers to O+ and the

index "H" to H+), for the parameter of

the curves we chose the ratio_NH/N

0
Figure 5. Spectrum S, of a Three- of ion concentrations. On the figure,
Component Plasma (H+ and 0+ Ions) the expansion of the spectra can be

for Various Relationships NH/NO

Between Therm. clearly traced with increase in NH/NO.

In the case of a four—component
plasma, containing three sorts of ions (for example, 0+, H+ and He+), the
spectra are quite diverse and differ strongly from the cases of two- and
three-component plasma [17]. Their computation is practically possible only
by using electronic computers. An example of such a family of spectra is
shown on Figure 6 in the form of a triangular diagram; each family of
spectra corresponds to one value of the ratio T = Te/Ti (on the figure Tg =
2) as a parameter. The second parameter is the relationship between com-
ponents. This parameter distingﬁishes the curves of one faéily: at the
apex of the triangular diagram are the degenerate spectra containing 100%
ions of one sort (different at each apex); along the sides of the triangle
the spectra contain two sorts of ions and inside the triangle are three sorts /149
of ions, the relationship between which clearly follows from the geometry
of the diagram. Each curve of the spectral family is the dependence of
Gw ® j;:

3, On ee==7— T with fixed parameters (composition of the mixture and
e

Te/Ti)'

It is obvious that, with approach of 1, to unity, the difference in the

0
spectra of a given family, other things being equal, is decreased, and with
increase in 9 it is increased.
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‘Figure 6. Spectra <3~ of Mixtures 0+ + and H+ When

2kT

Te = 2Ti; i =2, 3, 4 as a Function of 6° =—l/

In the work of Fejer [5] computation of 9, when Te/Ti # 1 is carried
out as shown above also by allowing for the constant magnetic field. Re-
sults are obtained analogous to that described above. It is characteristic
that it is possiblé to find resonance 'peaks" in g, at frequencies equal to

(or near) the gyrofrequencies of ions and electrons and their harmonics.

As far as the integral scattering cross section ¢ is concerned, and con-

sequently the scattering intensity P as well, as noted above, the magnetic

field does not influence them at all [5], as long as 5 ,is not too h1gh(12)

The results from other research {9, 10, 12, etc.], in spite of the
different approaches to solving the problem, are similar to the results of

[5], but in practice are less feasible.

(12)

When T ; 10 the magnetic field already affects o significantly
[i1, 18j. -
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It should be mentioned that it is characteristic of the contemporary
state of the method that we have as its basis a theory which confirms the
experiment, as we shall show below. The theory of incoherent scattering may
basically be assumed to be .complete although there are unresolved questions
especially in the method of processing and the physical interpretation of the
observation results. It is natural that the comparatively fast ( within a
few years following publication of [1, 7]) development of a satisfactory theory
is to a certain extent the result of the high level of contemporary knowledge
of plasma physics and kinetic theory in general; here Soviet scientists [2,

15, 18, etc.] have made a considerable contribution.
TECHNICAL MEANS, METHOD OF MEASUREMENTS AND PROCESSING

In order to give some idea as to the technical means used in ionospheric
research involving the method of incoherent scattering, Table 2 gives data
apparently about all the information that has been published at the present
time (see [3, 7, 8, 19 - 25]).

As mentioned, for processing the data on scattered radiation, a storage
element is necessary. In earlier research [7, 8] these were analog integra-
tors. Later they were replaced by digital integrators. In modern research
it is usually necessary to process the registrations of Ps and o, on an
electronic computer for the purpose of obtaining temperatures and ion com—
position of the ionosphere. Therefore, it is natural that we tend to use

them for storage as well.

The electron concentration N is determined either by measuring the

scattering intensity P_ or by measuring the angle of rotation ®;of the polari-
s

zation plane of the scattered radiation due to the Faraday effect(13).

(13 It is also possible to measure N from the "bursts' on ¢ at fre-

. . W
quencies w, equal to wpl e if we have a set of narrow-band receiverg tuned
b

to the frequencies of w, + w for the various expected values of w .
0] pl,e pl,e
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TABLE 2,

No. Location (Country)
1 Illinois (USA)
40° N, 90° W
2 Millstone-Hill
(usa) 43° N, 71° W
3 Same
4 Same
5 Trinidad
11° N, 62° W
6 Cajamarca
(Peru) 12° s, 78° w
7 Arecibo (Puerto-Rico) -
19° N, 67° W
8 Same
9 Nancy (France)
45° N, 2°w
10 Prince Albert
(Canada) 52° N,
106° w
11  Palo Alto (Califor-
nia, USA)
12 Malvern Hill
(England) 51° N, 2° W]
13 Thetford (England)
14  Scotland
15 Stanford (USA)
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Frequency,
MHz

&,

440

£40

425

430

935

435

400

400

400

50, 800,
4200

[T I IO,

Power
MW

1-6

1,2-2,2

0,07

0.5
(ave.)

Antenna Dimension,
m
|

116140

@25

@70
@2

@2

290%290

@300

100x20 - transm.
200x35, 200x40
receiv. -

@30

@42

Two 25

PARAMETERS OF RADARS FOR IONOSPHERIC MEASUREMENTS
USING THE METHOD OF INCOHERENT RADIO WAVE SCATTERING

Duration off
Impulse, us

250,500

800

2—10 000

continuous
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TABLE 2.

PARAMETERS OF RADARS FOR IONOSPHERIC MEASUREMENTS
USING THE METHOD OF INCOHERENT RADIOWAVE SCATTERING

(Cont'd)

No. Location (Country)

10

11

12

13
14

15

Illinois (USA)

40° N, 90° w
Millgtone—Hill
(usA) 43° N, 71° W

Same
Same

Trinidad

11° N, 62° w
Cajamarca

(Peru) 12° s, 78° W-

Arecibo (Puerto-Rico)

"19° N, 67° W

Same

Nancy (France)
45° N, 2° w
Prince Albert
(Canada) 52° N,
1067 w

Palo Alto (Califor-~
nia, USA)

Malvern

(England) ?%: gi
Thetford (England)
Scotland

Stanford (USA)

Noise | Polarization
Factor
).
. Linear
2
Circular
~2‘
‘s ‘Linear
Orthogonal
Circular
~1,5 _—
Circular
~1,5
b 2 Linear

Message Fre-

quency,
sec

25100

var

var

Time of Mea-
ment, years

1958—1951

1950—1961

19601952

C 1962

C 1955
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TABLE 2.

USING THE METHOD OF INCOHERENT RADIOWAVE SCATTERING

LNo. Location (Country) Organization Authors Where Para-
: meters Publ.
1 TIllinois (USA) NBS USA Bowles
(o} (+] (3, 7, 8}
40" N, 90 W
2 Millstone-Hill Lincoln Lab. Pineo,
. Kraft 12, 19
(UsA) 43°'N; 711°w Briscé .
3 Same Same Evans ; [20]
4 Same Same Evans [20].
5 Trinidad USAF Millman, {21, 25, 211
11° N, 62° w Pineo )
6  Cajamarca NBE USA & Geo- | Farley (22, 23]
(Peru) 12° s, 78° w - |physics Insti- Bowles -
. tute, Peru
7 Arecibo (Puerto Rico)Jcambridge Res. | Gordon
20, 29)
190 N, 670 W Cen-, USAF - !
8 Same Gordon (201
National Res. Carr
9 Nancy (France y
o y ( o ) Center Petit (22, 8]
45° N, 2° w Waldtey
10 Prince Albert — Maynard 120, 29]
(Canada) 52° N,
106° w
11 Palo Alto (Califor- Eshleman 101
nia, USA)
12 . Malvern Brit. Radar Watkins 13, 301
51° N, ept.
(England) 5o W]
13  Thetford (England) | Roy. Radar Ad. Watkins (3, 30]
14 Scotland tanford Res. | Eshleman (241
nstitute
15 Stanford (USA) ame —_ (2]

| receiving

PARAMETERS OF RADARS FOR IONOSPHERIC MEASUREMENTS

(Cont'd)

Comments

antenna 300
km from
transmitter

s
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The original expression, relating Ps and N which is the basis of
formula (14), may [taking (14), (2) and (4') into account] be represented for
a two-component plasma (electrons and one sort of ions) in the following
form [3 - 5, 20, 23, 31]:

P, 1 1
P ' Ty ptAE DA+ DFTITY (15) /151

where Pp= gl—vﬂ.i,&

is the scattering intensity in the case of free electrons (D >
®) 3 Ps is the actually measured scattering intensity from the volume V; N(R) is
the mean electron concentration in the volume V; R is the mean distance to

the scattering volume; £ is a factor determined by the radar:

D=d () W= (16)

d is the Debye radius of the electron.

Analogous to (15), but more awkward, relationships may be written also
for a plasma having more than two components. The first two terms in (15)
correspond to the electron high-frequency component (EC) and the third term
corresponds to the ion low-frequency component (IC) in PS/Pse(lA). The re-
lationship between them depends on D (on the relationship between A and d);
particular (maximal and intermediate) values of PS/pSe are shown on Table

3.

(14) This division does not at all mean that scattering by ions makes
a significant contribution to the scattering jintensity PS. The term "ion com-
ponent' of P_ means only the degree to which the ions affect the movement of
the electrons and consequently only the spectra o, (so, when A >> d, the
fluctuations AN which take place on an interval equal to A are determined
by the thermal velocities vj of the ions and the spectrum w ™ vis when A <<
d the influence of the field of ions on the movement of the electrons in
the interval A can be ignored and .w " ve).
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TABLE 3

Relationship Between EC - ﬁifét Twé.Térﬁéh IC - Third Term
A and d in (15) ‘ in (15)
LS>d 0 S

14 T,/Ty
A Ld 1 0
1 1
A=4nd = —_—
2 22 +Te/Ty)

Since under experimental conditions the condition A >> d is often sat-

isfied, -the effective formula in this case will obviously have the form

EN (R) 17)

P =m0 ¥ T, Ty

The dependence of PS on ion mass is weak and can usually be ignored [17].
A number of authors [7, 23, 28, 31, 36, 38, 43, 44] have used formula (17)

in their interpretations.

However we must bear in mind that at sufficiently high altitudes (z >
1000 km), in the range of 300 - 3000 MHz, condition (6) may cease to be sat-
isfied and in the processing the general formula (15) must now be used. The
processing in this case is complicatedssince one other unknown parameter d
appears. Naturally we can give it in some manner and then refine the re-

sults using the method of iterations.

The dependence of Ps/Pse on D and Te/Ti in the general case (15) is
shown graphically on Figure 7.

From (17) it follows that for determining N it is necessary to have

available data on Tg = Te/Ti and vice versa, in the presence of
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B/ P _ simultaneous measurements of the N

profile by other independent meth-

ods(ls) we can determine T.. The

0
distance R, as already noted, can
be easily determined from the lag At
of the reflected signal with res-

pect to the emitted signal, and

Vo

I Y Dot 4 2 LB

‘i w d2 e g Tw W

Figure 7. Dependence of the Scattering

the coefficient £ can be computed

from the known characteristics of

Intensity, Relative to its Value for the radar or determined experiment-
Free Electrons, on the Relationship ally from vertical probing or
Between

. by using satellites [32].

- d
X and d(VD=T) for Various Values

of T = Te/Ti' The basic difficulty in deter-
mining N using (17) involves lack
of knowledge of Ty In a number of

cases we can simply set Ty = 1. For example, this may be done at night at
(16), by day for altitudes of z & 400 ~ 500 km and always at

sufficiently high altitudes(l7). However, in the morning up to altitudes

all altitudes

of 400 km, o differs significantly from unity [25] and the maximal error
in determining N because of this (if we set o " 1) can at this time reach
~ 1007 at altitudes of 200 - 400 km. Since the data on the dependence of To
on time and altitude are still scarce, we must then either accept the errors

which arise or measure 9

(15) For example, from the Faraday effect for scattered signals or
from the "burst" in o, at the plasma frequency of electrons, using the method
of coherent frequencies or by using the Faraday effect for signals from

rockets and satellites [33], vertical probing of the ionosphere from above,
below, etc.

(16) Apparently it is more correct to say T, «~ 1.1 - 1.2 [20, 24,
25, 28], but this does not notably affect the business at hand.

a7 The upper limit of this altitude has not been yet established.
Apparently it is > 500 km and depends on the time of day, season, solar
activity and geographic coordinates.
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The electron concentration at sufficient wavelength is determined also
in the experiments on incoherent scattering from measurements of the Faraday
rotation ¢ of the polarization plane of the scattered radiation, by using the

®
known formula

R
const
®g ===\ b, (I N (@) ds
W %

Since the shift in the volume V occurs along R, which coincides with the
intergration path, then by differentiating this latter expression with respect

to R, we find

1 dDg (R)
N5 1153

where bL is determined (see, for example, [33]) from the data on the geomag-

netic field along R.

Measurement  of the angle ®¢ at sufficient wavelengths may be done in
the usual manner, for example, from the number of fadings of the scattered signal

during reception on one or two plane-polarized antenna arrays.

It is interesting to look at the method of measuring ®¢ (R) and con-
sequently N(R) as well in [34]. Two pulses are emitted simultaneously
with circular polarization in opposite direction of rotation. As a
result of porcessing the individually received signals of both polarizations,
we can obtain values of PS sin ¢¢ and Ps cos @Q and consequently RS and ¢¢

individually as well.

When necessary, from the measurements of QQ we can introduce corrections

for influence of the Faraday effect on the measurements using the method of
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F-Y

incoherent scattering. The influence

of @Q on Ps in using antennas with
linear polarization leads, when suffi-
cient wavelengths are used, to a de-
crease in PS by two times and to the
appearance of oscillations in the de-
pendence of PS on R with sufficient

shortening of A.

Determination of TO can be done

as mentioned above from the spectra

/A éﬂ %b S, such as that in Figure 4. Figure
/T 8 [6] shows for illustration the de-

Swm pendence of = Zom on 1, for of

Figure 8. Excess yv=—5~ of the Maxi- So 0 ’

+ +
mum cwm of the Spectrum am Over its He' and H' ions when A>d for a

Value GO (Om when w = 0) as a func- monoionic plasma (me is the maximal
=T /T, when X >> d for
0 e i

Ions 0+, H+ and He .

tion of T value of S, when w = wm). We can see
the sharp dependence of y on T and
the weak sensitivity (K10%)Y of

a monoionic plasma to the sort of

ions.

The width w of the spectrum A® [sic] of the scattered signal when p<<y

is determined basically by the ion mass m,, the temperature and magnitude of

by measuring 1, and Aw we can determine

Thus with a known (given) m 0

Too i?

the temperatures Te and Ti'
Thus we arrive at the conclusion:

(1) if we know the sort of ions then from the measured  relationship
between A , the intensity Ps and the width Aw of the scattering spectrum o
w

we can determine N, Te’ Ti;
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(2) without measuring the spectral width it is theoretically impossible

(18)

to measure the absolute values of the temperatures Te and Ti only by the

method of incoherent scattering, but we can measure only the ratio Ty

The case of a monoionic upper ionosphere in practice 1s valid usually /154
at altitudes of z ~ 300 - 400 km (07) and z > 1000 km (H)).

The problem of analyzing the spectra S in the presence of several sorts
of ions (the sorts of ions are known, but the relationship between them is
unknown; for example, for z ~ 600 - 700 km we have ions of 0+ and H+) is sub-
stantially more complicated [17]. This is involved with the above-mentioned
(Figures 5, 6) complication and diversify of the spectral shapes. However
special processing on electronic computers permits, even with three sorts of
ions (for example, 0+, H+ and He+ at an altitude of z ~ 600 - 800 km) when
A >> d selecting a spectrum which most nearly approximates the experimental
one, and determining thus Tye Ti’ Te and the ion composition of the ionosphere

(see, for example, [17, 20, 31]).

In particular for two known sorts of ions, the resultant new unknown
relationship between the ions may be compensated in the presence of a
sufficiently detailed spectral shape by the value of the slope of the spectrum
in its middle part relative to the sensitivity to change in the relationship
between ions. We can also use the slope of the spectrum at its "nose'" [17]
which is only slightly sensitive to the influence of signal nonmonochromati-

city.

Further problems in analyzing the spectra may be introduced by the

(18) In the event that P_ can be measured simultaneously at two fre-
quencies when M3>>d and 3,~3 , we can theoretically measure d as well
and consequently measure Te and Ti separately. Without knowing & in (17),

from P_ we can determine T, up to s<mFf2 and N from the ionograms containing

the E ?egion. 0
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Swm

A 1 2 6;

Figure 9. Influence of the Spectral Width of the Signal A®e, [(Aweom)
on the Distortion of the Spectral Shape % (The Solid Line for

Awg=10 and the Broken Line for Ao + 0).

signal nonmonochromaticity of the radar, thus leading to a distortion in the
spectra 9, and to further errors in determining the ion composition and temp-
eratures. Figure 9 shows the influence of the finiteness of the spectral

width of the signal Aw, on the spectrum Oy With a small value of Awy/on

(0, 1s the value of moat which Uw for Acoo =0 reaches the maximum me) a
deformation takes place in the spectrum 9, (reduction and displacement of the
maxima). For sufficiently large Aw,/®,, the maxima g, may disappear alto-
gether. The width Aw of this spectrum 9, with increase in A®@, 1is decreased

less than is measured at the lower level Ty
The effect of the probing signal on spectral measurements, if we
know its width Aw®@, , may apparently be taken into account if this influence

is not too high [44]. To decrease it we can make the probing pulses longer, but
this will lead to a deterioration in the resolution of R in the measurements /155
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since the length AR of the volume V is increased (see Figure 1 a). The use
of bistatic equipment (see Figure 1 b) is intended to remove these disadvan-

tages in pulse radars.

These discussions pertained to the case when A >> d. However, for
sufficiently high altitudes in the range of 300 - 3000 MHz, this condition
may be satisfied poorly or not at all and then the processing is complicated
since we must use the more complex formula (15) to determine N. Here we can
use the method of trial and error assuming first that A/d + = (for large
values of A/d) or by taking (for any of the not very large values of A/d)
the expected value of d (from that expected under the experimental conditions
of N and Te) and then successively refine d and N. Considerably greater
problems arise in this case in analyzing the spectra for obtaining the ion
composition and temperatures [17]. For the ionosphere with ions of one sort
these problems are still surmountable, but for the ionosphere containing iomns
of several sorts these problems, when d Y A or d > A in using the existing
methods, may possibly be insurmountable. This significant fact must be taken
into account in selecting an effective radar frequency for purposes of inco-

(19)

herent scattering .

Thus, the facts which may be valid in the real ionosphere (i.e. the
presence of ions of several sorts, the temperature imbalance of ions and
electrons, collisions, variability and inhomogeneity of the atmosphere)
theoretically and practically complicate analysis of the measurements uti-

lizing the method of incoherent scattering.

The processing and refinement of special computer methods for analyzing

the spectra % and P_, as well as for obtaining the autocorrelation function

(19) Additional complications arise when the method of incoherent
scattering is used to study the fine structure of the lower ionosphere,
gradients, variables and random inhomogeneities [38, 43]
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»Km

L of the scattered signal and the spectra
&0 b themselves as the Fourier—-transforms
1 of this latter, have become apparently
100
quite necessary for the effective
wr ——— utilization of the great potentialities
20 [ Probe of this method especially in determin-
w - ing ion composition.
0% 07 17
Ny on? BASIC RESULTS. COMPARISON

OF EXPERIMENT AND THEORY
Figure 10. Profiles N, Obtained in
April, 1966, by the Method of Inco-
herent Scattering. 1. Examples of the N profiles

1. By Day; 2. By Night and Verti- which we obtained [36, 44] using the
cal Probing (Broken Line) at Middle simplest method of processing are
Latitudes of the Soviet Union. shown on Figures 10 and 12. The pro-
cessing was carried out using expres-—
sion (17). We assume Tg = Te/Ti = const # 1. The PS profiles for tramnsition
to N were calibrated from vertical probing. The nocturnal profiles obtained
by the method of incoherent scattering and by probing agree within the
limits of allowable error, thus apparently indicating that Te_g Ti and per-—
mitting determination of the parameter £, The daylight profiles diverge
significantly and show that with decrease in altitude z from the value szZ

x 300 km to z ~ 200 km the ratio T, is sharply (by several times) lowered

in comparison with its maximal valge near the F2 maximum. Therefore in this
region of altitudes Te > Ti' If we assume & to be the same during the day as
at night,we can determine the absolute value of Te/Ti from vertical

probing at the F2 maximum and below; we found that at sunrise Tg = 4 + 1 at

an altitude of z X sz2.

The storage element which we used in the beginning is described in [36].
. 1
Its basis is the scheme used in radar probes of Venus [37], but with a sub-

stantially different comparison scheme.
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Figure 11. Profiles of the Mea- Figure 12. Profiles Obtained on Novem-—

surements of P (R) (Including

the Internal Ngises) in Rela-

tive Units (1) and of Internal

Noises During Operation of the

Dummy Antenna (2) on November 1,
1966.

ber 1, 1966.

a. N Profiles; 1. Probe; 2 and 3. In-
coherent Scattering Without Correction
for the Variable T and With Correction,
Respectively; b. 7T and Ty Profiles; 1.
T, Obtained from o in Comparison with
the N Profile (Cur%e 1 on Figure a);

2, Ti Profiles.

Further storage, just as processing, was carried out using an electronic
computer. Correction for change in temperature with altitude was introduced
from the measurement of the spectra A of the autocorrelation function of the /156
scattered signals, and below the F2 maximum, from vertical probing. Examples
obtained using such a storage element of the Ps, N, T and Ti profiles are
illustrated on Figures 11 and 12. Figure 11 shows the function PS(R) includ-
ing also the power of the internal noises of the receiver which can be eli-
minated by measuring it during operation of the equipment on a dummy antenna.

From N, T and T, profiles (Figure 12) it is clear that the temperature im-

) i
balance T of the plasma during this time extends to an altitude of : 600 km,
is nonmonotonic with respect to altitude and maximal below szz (here Ti v 875°K

and T_ % 2200° K).

2. There exist a number of new and significant data on the outer
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(and lower) ionosphere. The most val-

uable results were obtained in Cajamar-
ca, Millstone-Hill, Arecibo, Mal-

vern and in Nancy, respective-
ly;under the direction of Bowles and
Farley [31, 34], Evans [25, 39, 40],
Gordon {20, 41], Watkins [30] and the
group of Carry, Petit and Waldteyfil
[28] (see Table 2).

(1) In the vertical N profiles up

to ten thousand kilometers (Figure 13

o A [20]) on Figure 18 we can see a sharp
Y 10* 10 L0 ] ]

. N, ou slow—-down in the drop in the size of

?igure 13. Vertical N Profiles in N with altitude when z > 1000 - 1500 km

Cajamarca in comparison with the region directly

1. February 1, 1965, at 15h24m; over the F2 maximum. This represents

2. FPebruary 2, 1965, at 15%44™;

3. February 3, at 15h38m (Local
Time). on the order of hundreds of kilometers

(for z ~ 300 - 500 km) up to a value

of several thousand kilometers (for
z R 1200 - 2000 km), this being associated with the change first of all in
the ion composition (from 0+ for z % 300 - 400 km up to H+ for z > 1200 ~
2000 km).

an increase in the normalized altitude

H of the outer ionosphere from a value

4

In particular at an altitude of z ~ 3000 km the value N X 10 el‘cm_3;

for z ¥ 5000 - 10,000 km the value of N is on the order of several units times
103 e1°cm-3, which agrees with the data from the satellite and other mea-

surements [33, 13].

Regular measurements of the N profiles permit plotting altitude~time
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(diurnal and seasonal) distributions of

N (see, for example, [20, 34]) near

50
4 the equator and at middle northern lati-

tudes of the western hemisphere (Fig-

500 ure 14) [38, 43].

w0 Characteristic and natural are
the daytime elevations and the predawn
troughs of the level fpl = const
- 300 throughout the entire ionosphere
accompanied by a decrease in the alti-

tude of the F2 maximum and an increase

toward the nighttime hours. Seasonal

variations are observed in the behavior

Figure 14. Altitude-Diurnal Depend- of the curves (see, for example, [20,
ence of the Plasma Frequency fleHz 31, 38, 43]).

at Millstone in January, 1964, as a
Function of Local Time; fpl = const

(Solid Lines), Altitude of the F2 At altitudes of *~ 5000 - 10,000
Maximum (szZ) (Broken Line). km in individual measurements (Fig-

ure 13) irregularities are observed
in the variation of N with altitude of a
quasiundulating shape, the altitude thickness of which is thousands of kilo- /158
meters. Their nature is still not clear [20].
Wave irregularities are observed throughout the entire ionosphere(zo).
Attempts have been made to interpret them as gravity waves which set in due

to difference in the temperatures of the cold lower ionosphere and the heated

lower part of the magnetosphere [20].

(20) Apparently these are the phenomena which were observed previously
in the measurements employing the method of coherent frequencies on board
satellites [33].
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Bursts Themselves as a Function of the Methogs'y
Frequency Control of Narrow-Band Re- : .
ceivers (b). 1. 1Incoherent S?atterlng; 2. Co-
herent Frequencies of Signals
From Rockets (Jackson); 3. Probe
Measurements.

The first successful attempts will obviously be interesting in register-
ing, according to theory, the peaks in the spectra % at the plasma frequencies

of the electrons w of the ionosphere and to plot from them the vertical N

pl,e
profiles (Figure 15). For this, narrow-band receivers were used tuned to a

number of frequencies w, + w [11, 18, 20, 24, 42].
0 pl,e

The question of measurement accuracy using the method of incoherent
scattering, just as using other methods [33] of the N profiles (and other
parameters of the ionosphere), is of considerable interest. Figure 16 shows
visibly the unique results [41] (see also [38]) of the simultaneous measure-
ment of such type using independent methods: incoherent scattering, coherent
frequencies (Jackson's method) of signals from geophysical rockets and the
probe method, characterizing the relative accuracy of the measurements. An

astonishingly good agreement is observed for the profiles obtained.
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Figure 17. Te and Ti Vertical Profiles Obtained in Cajamarca

December 16, 1965, at Various (Local) Times of Day.

Sunrise and

Sunset at h ¥ 300 km, respectively at ~ 5h3om and 190 [25].

(2) Altitude Te, T, (or TO) profiles were obtained, as well as ion
composition, up to altitudes of ~ 700 - 1200 km for different times of day
and seasons (Figures 17, 18) [3, 20, 24, 25, 34, 38, 42] and the altitude-

time diurnal and seasonal dependences of these values following from them

(Figures 19 - 22).

of incoherent scattering, is the reliable establishment (or confirmation) of
the most fundamental fact that a temperature imbalance is possible between

electrons and ions in the ionosphere (Te > Ti)'
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A very important result of this type of measurement, using the method

In the diurnal variation of the temperatures we find to be characteristic
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Figure 20. Diurnal Dependence Te

(OK'10_3) [26] at Nancy, January,26,
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the Magnetoconjugate Point and at
the Observation Points, Respective-
ly.
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the Night For the Period from Febru-
ary 1, 1963, to January, 1964.
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a sharp increase in TO (up to 2 ~ 5) in the morning during sunrise at altitudes

of ~ 250 - 300 km.

Thus, in the behavior of TO with altitude the following characteristics

are observed:

(a) at altitudes 3 400 - 500 km during the day as a rule Te = Ti

with the exception of the morning hours;

(b) during the day 0 reaches a maximum equal to 2 - 4 at an al-

titude of ~ 250 - 300 km;

(¢) at altitudes of 100 - 130 km 9" 1 which disagrees with the

rocket measurements and consequently requires further experimental proof.

In several experiments an interesting fact was discovered [26], i.e.
there is a substantial increase in 9~ 2 - 3 hours prior to sunrise (Fig-
ure 20) and attempts have been made to explain this by heating of the iono-
sphere by photoelectrons, forming at the magnetoconjugate points illuminated

by the sun, where sunrise takes place 2 - 3 hours earlier than at the obser-

vation point.

A new and unexpected result [25, 28] is that during the night the ratio
of temperatures T in all seasons slightly (at middle latitudes up to ~ 0.2)
exceeds unity (Figure 21), thus indicating the presence apparently of an un-
known source for heating the electrons. Suggestions have been made that this /161
may take place because of the transfer of energy from the cooled protonosphere
of the lower ionosphere and the maintenance in it of Ty = Te/Ti o 1.1 - 1.2,

It should be mentioned that in several experiments (for example, Cajamarca

during the night Te/Ti = 1 at all altitudes.

The altitude-time dependences for Te and Ti (Figures 17, 19) basically

agree with the data from other measurements [25].
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Typical altitude~diurnal depend-
ences (mean monthly, Figure 22) illus-
trate the possibilities of modern equip-
ment employing incoherent scattering
[20, 34] for obtaining systematic data
on ion composition of the upper iono-
sphere. Figure 18 gives some idea about
the complex of information obtained dur-
ing one measurement in the form of
graphs prepared for the profiles of
temperatures and concentrations of
electrons and ions on an electron com-

puter.

The observed altitude-time de-
pendences of the ion composition (0+,
H+, He+\ of the outer ionosphere
(Figure 22) are a sufficiently reliable
confirmation of the presence of ions
of helium He+ in the ionosphere and
were first detected using the satel-
lites "Kosmos-2" and "Explorer VIII";
until quite recently it was assumed

that their existence was only slightly
probable because of the high ioniza-

tion potential of He (24.6 V). The observed maximal amount of He+ (X 20%)

was localized in a relatively narrow range of altitudes (v 600 - 1000 km)

and was subject to diurnal and seasonal variations.

As far as the theoretically possible sharp resonances in %, at the

gyrofrequencies of the ions are concerned, only quite recently has any dis-

cussion appeared [20] concerning the fact that such resonances were register-

ed at the equatorial station (Cajamarca, Peru) at high altitudes (in

267



the H+ region), where the collisions of electrons are rare and it is possible
to keep the beam perpendicular to the lines of the geomagnetic

field, which is necessary for this. At low altitudes, even when the beam was
perpendicular,no resonance was observed possibly because of the influence

of collisions [43].

In conclusion we can state that the basic characteristics of the pheno-
menon of incoherent scattering predicted by theory are confirmed in experi-

ment.

The_method of incoherent scattering revealed great potentialities for
investigating the ionosphere below and above the chief maximum (up to the
transition region in interplanetary space). As yet these potentialities
are not being developed and used fully. Along with finding the most signi-
ficant parameters of the ionosphere: complete regular vertical (and inclined)
profiles of N, Te’ Ti’ AL, NO, NOL

altitude-time (diurnal, seasonal and solar activity phases) dependences of

and the ion composition and the respective /162

these parameters, it is interesting to have data on the irregular large-scale
(in time and coordinates) variations in these parameters, the motion and
evolutions in time, and the regular horizontal gradients, etc. [35, 36, 38,

44, 43].

In particular, in using multibeam radar stations with a high resolution
for t and coordinates, in the space of the narrow beams we can not eliminate
the possibility that a spatial-time correlation function and electron density
of the large inhomogeneities of the ionosphere can be obtained as well as
the horizontal gradients of the vertical profiles of N, Ni, T,» T;» Ny and
ion composition. It is particularly feasible to simultaneously use equipment
operating at different frequencies (A 2-d) with a vertical and sloping path

of the beam.

It is also important to make simultaneous complex measurements using
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several independent methods including incoherent scattering [38, 43].

The prospects are very tempting for carrying out these simultaneous
measurements in a number of geophysics rockets, spaced at various distances
in latitude and longitude, and for investigating the latitude and longitude

as well as the altitude correlations between the results of these measurements
throughout the entire ionosphere.
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